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The medium Earth orbital (MEO) altitudes are greatly underutilized due to the 
harsh radiation environment.  In thinking of alternative ways to work in this 
environment, luminescent materials are proposed as a replacement or augmentation 
  
for power.  An investigation into the radiation resilience of some luminescent 
materials for use in space was undertaken.  The results have been integrated into a 
baseline design for utilizing such materials for power generation via luminescent 
solar concentrators (LSC) in the space environment.  The performance of such a 
system is compared to that of existing solar cell based power generation.   
Rhodamine 6G, Fluorescein and Cytodiagnostics Large Stokes Shift 500 dye 
was used in the radiation experiments.  Rhodamine 6G and Fluorescein were chosen 
due to their well-documented history, while Cytodiagnostics dye was selected to 
further characterize a non-traditional, potential luminophore.  Concentrations of the 
luminescent materials were mixed with polymer host materials and dissolved in a 
solvent, then spin coated onto quartz substrates to produce thin film test samples.  
Absorption and emission measurements were taken and analyzed to determine the 
materials radiation tolerance.  The results showed a good tolerance for Rhodamine 6G 
while the other materials did not perform as well.     
To enhance the understanding of the environmental constraints, a thermal 
simulation was performed to investigate the extreme operating temperatures, and how 
heating may affect the materials in the power generation system.  An interesting trade 
caused by temperature effects was shown.  The solar cell in the LSC system operates 
at a lower, more efficient temperature, but the luminophores become less efficient 
from solar heating.  The end result is that the overall LSC system efficiency remains 
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Chapter 1 Introduction and Motivation 
1.1 Background  
With the discovery of a third radiation belt1 and from personal experience 
with an experimental communication satellite, there is strong motivation for a 
radiation resistant power generation system.  The Medium Earth Orbit (MEO) has 
long been underutilized for spacecraft operations due to its harsh radiation 
environment.  The Global Positioning System (GPS) is an example of a system that 
traverses the MEO altitudes in order to fulfill its operational requirements.  The recent 
launch of an experimental communication satellite, named TACSAT4, showed the 
potential of this neglected orbit for other uses besides GPS.  By using a lower altitude 
as compared to a Geostationary Earth Orbit (GEO) communications satellite, the 
power requirement for proper transmission and receiving of radio signals is much 








  (1.1) 
where Pr is power received, Pt is power transmitted, Gt and Gr are the respective 
antenna gains, λ is the transmitted wavelength and R is the distance between source 
and receiver.  The shortening of the transmission distance from a GEO satellite of 
36,000 km to the TACSAT4 distance of 12,050 km greatly reduces the required 
power ratio to only 10% of the original power required.  This reduced requirement 





gain by using an omnidirectional receiver.  An omnidirectional antenna has less gain 
but is better suited for operating with deployed users.  In order to use such an orbital 
regime, a highly radiation resistant power generation system is needed.  
Based on experience while working on TACSAT4, the engineers had to 
confront many challenges when designing for this particular space environment.  As 
depicted in Figure 1.1, the TACSAT4 concept of operations drives the orbital regime 
needed to properly perform its communication mission.2  TACSAT4 operates in a 
Highly Elliptical Orbit (HEO) to perform its high latitude communications mission, 
thus passing through a high radiation altitude in space. The design of the satellite had 
to take into account the non-typical space radiation environment.   
	  
Figure 1.1: TACSAT4 Concept of Operations2 
To better understand the radiation environment, Figure 1.2 shows the inner 
and outer van Allen belts at distances in units of Earth radii (Re).3  The scale starts 
with blue and extends to red, which represents the most intense radiation exposure at 










TACSAT4 program.  From the TACSAT Solar Cell Experiment, “The HEO orbit of 
TacSat-4 is providing a high radiation environment with an anticipated photovoltaic 
(PV) array degradation of 25% in one year for triple-junction III-V cells.”2 
 
Figure 1.2: van Allen or radiation belts at distance measured in Earth radii (Re).3  
To use such an orbital regime, a highly radiation resistant energy generation system is 
needed.  This prompted an initial investigation into alternative means of power 
generation while being able to withstand the harsh radiation effects.   
1.2 Current Photovoltaic Technology 
Since the first use of solar cells on the Vanguard satellite system4, 
photovoltaic (PV) cells have been used to power a large variety of space systems.  
The first satellites operated on batteries alone5, which severely limited the operation 
of these systems.  Other power generation sources have been utilized, such as the 
Radioisotope Thermoelectric Generator (RTG).  RTG’s have been limited to deep 







radioactive materials into space.  Here, PV cells would be too inefficient to service 
the satellite at the lower solar illumination intensities of the outer planets. For near 
Earth applications, PV cells have been the main power generation system for 
satellites due to their fairly high specific power and their compact size.   
 The first PV cells used were silicon solar cells.  As the technology advanced, 
more exotic materials, such as Gallium Arsenide (GaAs), were used to boost both 
power conversion efficiency and radiation tolerance.  The most efficient, modern 
solar cells are the multiple junction photovoltaic (MPV) cells.6  MPV cells are, in a 
simplistic view, three separate solar cells stacked in series.  The overall cell efficiency 
is determined by the amount of current produced by the cell supplying the least 
amount of current.  Figure 1.3 shows the monolithic stacking of the series of cells, 
and how different wavelengths of light are absorbed.   
 
Figure 1.3: A simplified schematic of a three-band gap tandem multi-junction photovoltaic cell.7 
Using different spectral responses from multiple materials, a multi-junction solar cell 






semiconducting materials, which convert different regions of the solar spectrum to 
extract more current from the incoming light. 
 
Figure 1.4: Extra-terrestrial or Air Mass Zero (AM0) spectrum with approximate partitions for a typical 
triple junction GaInP/GaAs/Ge solar cell8 
The state-of-the-art test MPV cell has just surpassed 40% efficiency9, while 
top-rated, production solar cells for space applications are currently capped at 30% 
efficiency10.  Under concentration, MPV cells have achieved over 44% efficiency.11  
While MPV cells are more efficient at converting the solar spectrum, the restriction 
on current means that the MPV cells are reaching their limits.  These high efficiencies 
still produce the most power generation for the least amount of system mass.  While 
these are great performance systems, they suffer two major space environmental 
problems – radiation damage and thermalization.   
1.3 Degradation due to radiation and thermalization 
All PV cells are susceptible to radiation damage.  High-energy particles 





displacement damage.  This damage degrades the electrical transport properties of the 
material, in particular, the minority carrier lifetime.  Another source of radiation 
damage is from ionizing radiation.  Ionizing radiation creates trapping centers 
between the valence and conduction band, thus reducing the output.12  MPV cells are 
fairly radiation resistant, but they still degrade from exposure. Table 1.1 shows the 
degradation of voltage, current, power and efficiency in a modern MPV produced by 
Emcore.  
Table 1.1: Radiation Degradation for Emcore’s 27.5% Advanced Triple Junction (ATJ) Solar Cells13 
Radiation	  Performance	  at	  1	  MeV	  Electron	  Irradiation,	  EOL/BOL	  
Ratios	  
Fluence	  (e/cm2)	   Vmp	   Imp	   Pmp	   Efficiency	  
5.00E+13	   0.97	   1.00	   0.97	   0.97	  
1.00E+14	   0.96	   1.00	   0.96	   0.96	  
5.00E+14	   0.92	   0.96	   0.89	   0.89	  
1.00E+15	   0.90	   0.94	   0.85	   0.85	  
3.00E+15	   0.85	   0.87	   0.74	   0.74	  
 
For the power engineer, this loss of efficiency over the lifetime of the 
spacecraft must be taken into account.  Therefore, the satellite system must be 
designed for the End of Life (EOL) of the satellite, knowing that the MPV cell will 
lose part of its power generation capacity due to radiation damage.  This degradation 
has diminished the utilization of the middle space altitudes. 
Another decrease to solar cell efficiency is the reduction due to elevated 
operating temperatures of the solar cells.  This decrease is experienced immediately 
after launch and must be accounted for in the power system design.  At the Beginning 





degrees Celsius, is used when rating the efficiency of the solar cells.  Most solar 
panels on satellites do not operate at that standard temperature, so the solar cell is not 
operating at the rated efficiency.  With full sun exposure, the normal operating 
temperature is much higher at GEO, about 116 oC.14  The only way for a spacecraft to 
shed excess heat to the outside environment is through radiative heat transfer.  Since 
solar cell efficiency decreases as temperature increases, these higher operating 
temperatures reduce the solar cell’s power generation.   
Though not directly related to the design of a power system for use in the 
middle altitudes, a system like TACSAT4 would have a fair amount of sun exposure 
with limited eclipse times.  Its solar cells will operate at higher temperature than the 
standard reference temperature and suffer an overall reduction in efficiency.   
1.4 A Possible Solution: Luminescent Solar Concentrator 
A Luminescent Solar Concentrator (LSC) was proposed in the 1970’s as an 
alternative power source to a solar cell.15  It uses a cheaper material to generate a 
concentration effect onto a solar cell, thereby lowering the amount of expensive 
material and the overall cost.  An LSC consists of a luminescent material and a 
waveguide that is connected to a solar cell.  See Figure 1.5 for a typical thin film 
example.  Another benefit is that the luminescence of the material can better match 
the optimal light conversion wavelength of the attached solar cell.  With optimal 






Figure 1.5: Sample thin film LSC 
From a space perspective, the arrangement of the solar cell in an LSC affords 
more benefits.  The solar cells are along the edges, so they are not as exposed to the 
environment as compared to a typical solar array.  The solar cell can be better 
shielded in many directions from the harmful effects of radiation.  See a cross 
sectional view of an LSC in Figure 1.6, with a green line showing the shielding effect 
on the solar cells.   
 
Figure 1.6: Cross-sectional view of an LSC showing protective features in green. 
The traditional shielding method of solar cells is to add a thin layer of cover glass 





minor losses in the transmission of the light through the shielding and the shielding 
adds an appreciable amount of weight to the system.  As shown in Figure 1.6, the 
solar cells in an LSC would not need this extra shielding, since the housing structure 
would be a suitable covering for the solar cells.  The mass would not necessarily 
decrease appreciably, since an LSC uses a quartz substrate as a waveguide to direct 
light to the solar cells.  As shown in Figure 1.7, an LSC cell is in the approximate 
mass range of a solar cell, assuming the wiring and connection masses are the same 
for both systems.   
 
Figure 1.7: Calculated weight comparison for Emcore’s ATJ solar cell and a proposed LSC design 
An LSC cell with dimensions of 5cm x 5cm x 1mm has slightly more mass 
than a typical ATJ cell with cover glass.  The LSC cell has 20% more mass as 
compared with an ATJ with 0.3mm cover glass and 10% more mass as compared 
with an ATJ with 0.5mm cover glass.  The LSC cell is 9% less massive than an ATJ 
with 1mm cover glass.  This led to the first research question: while mass is similar, 


























 Another potential benefit for a LSC is that the backing of the LSC plate is 
usually a diffuse, reflective material.  Thus, the energy not used by the system is 
reflected back into space, resulting in less heating of the system.  The back housing 
structure will act as a large radiator for the dissipation of thermal energy.  The small 
area of solar cells will have a large radiator to remove the unused energy, thereby 
permitting them to operate within a much more efficient temperature range.   
 An analysis was conducted using the AP8/AE8 space radiation models from 
the SPENVIS website16 -- along with the thermal data from the simulations -- to 
determine whether an LSC system can ever be competitive with a high efficiency 
triple junction solar cell.  In Figure 1.8, an LSC system using a GaAs solar cell is 
compared to Emcore’s Advanced Triple Junction solar cell with cover glass.  It 
depicts the potential of an improved LSC cell to surpass a traditional solar cell after 
several years on orbit.  As seen in the Figure 1.8, a 21.5% efficient LSC system 







Figure 1.8: Efficiency changes to an LSC cell and a triple junction cell due to temperature and radiation 
degradation over simulated years of orbit. 
Finally, from out of the traditional acquisition trade space -- performance, 
schedule and cost -- the performance of the space power generation system is usually 
the most important driver.  In particular, as a result of the high launch costs and 
limited shroud volume, the size and mass of a space power system typically override 
the cost of procuring such systems.  Even though multi-junction photovoltaic (MPV) 
cells may cost hundreds of dollars more per cell than a single junction photovoltaic 
(PV) cell, the weight per watt makes MPV cells more attractive for space 
applications. In terrestrial applications, the potential of a cheaper LSC system 
replacing solar cells would be important.  For space systems, due to the emphasis on 
performance over cost, a monetary savings probably would not channel space 
companies to switch to an LSC at the current state-of-the-art.   
1.5 Purpose and contributions of this work 
 While the current state-of-the-art LSC does not provide a competitive alternate 























this research is to show that, in the extreme radiation environment of the van Allen 
belts, an LSC system may offer long-term advantages through their radiation 
tolerance.  In particular, it will motivate how improvements in LSC performance 
might translate into greater mission sustainability.  Specifically, this research makes 
the following contributions: 
 
• Extension of LSC knowledge, by characterizing the absorption and emission 
data of a non-traditional luminescent material (Cytodiagnostics Large Stokes 
Shift 500 Dye)  
• Characterization of the degradation of luminescent materials exposed to 
various levels of radiation 
• Development of a thermal model to evaluate the temperature effects on system 
efficiency 
• Design of an LSC system for a sample orbit, based on the changes induced by 
radiation and thermal exposure 
 
Even though LSC comes with a list of technical challenges, which will be 
discussed in Chapter 2, luminescent materials have a viable place in space as a power 





Chapter 2  Background 
2.1 Chapter Introduction 
The space environment presents many different challenges for engineers in the 
design of spacecraft.  A review of the major space environmental effects is presented, 
specifically the radiation and thermal effects, along with the background and rationale 
for investigating luminescent materials for use on spacecraft.  This section will also 
present the literature review into the 30 years of investigative work in Luminescent 
Solar Concentrators and spectral down-conversion used to augment solar cells.   
2.2 Space Environment 
The presence of high-energy particles and the lack of a protective atmosphere 
create a very harsh environment for spacecraft.  Engineers have to design for the 
degradation of materials due to radiation and out-gassing, while taking into account 
the inability to perform maintenance on spacecraft.  The Hubble Telescope was one 
example of an exception to this general rule.  It was launched in 1990 with a faulty 
primary mirror.  In 1993, a repair mission was launched to replace the defective part 
and four other repair missions were done to upgrade and replace old parts.  With the 
retirement of the space shuttle, no more repair missions are planned.17  Eventually the 
space environment will degrade every spacecraft; currently, repairs to the vast 





Degradation causes from the space environment can be broken into five 
categories: neutrals, plasma, radiation, micrometeoroid/orbital debris damage, and 
vacuum.  The neutral effects include aerodynamic drag and atomic oxygen.  
Aerodynamic drag slows the spacecraft.  Atomic oxygen attacks various components, 
causing corrosion and degradation.  While drag and atomic oxygen are mainly low 
Earth orbit effects, a small portion of the neutral environment becomes ionized, thus 
creating plasma in space.  Plasma causes spacecraft charging.  This charging results 
in dielectric breakdown, and creates unexpected electrical discharges that can damage 
the spacecraft’s components and power generation.  Micrometeoroids/orbit debris 
impinges on satellite surfaces causing structural and material damage.  The 
environmental radiation degrades solar cells through ionization and displacement 
damage and causes single event upsets to computer and electrical systems.  The 
vacuum effects include out-gassing of materials and difficulty maintaining thermal 
balance.  This out-gassing can change the properties of the materials and damage or 
degrade other sensitive parts of the spacecraft, such as optical lenses.  Also, the 
manufacturing of the satellite must account for this absence of environmental 
pressure, which often manifests as a change in the adhesive, cohesive and frictional 
forces leveraged by various fasteners. Without a repair facility near, a fastener failure 
can be catastrophic to a satellite.  A final effect from the vacuum environment is that 
thermal stability in space creates another uniquely different problem, due to only 






There are three main modes to transfer heat in order to maintain thermal 
stability: conduction, convection, and radiation.  Conduction is the transfer of thermal 
energy due to the presence of temperature gradients in contacting materials.  
Convection transfers thermal energy through the use of the flow of a fluid over a 
material.  Lastly, thermal radiation is the emission of electromagnetic energy 
generated due to the thermal motion of particles.  All materials with a temperature 
above absolute zero generate some thermal radiation, which is important for thermal 
control in spacecraft.   
Maintaining the proper thermal parameters for satellite operations presents its 
own issues.  Even though the spacecraft is moving at thousands of miles per hour, due 
to the vacuum and micro-gravity environment, both forced and free convective 
heating or cooling are non-existent.  While conduction of heat through the spacecraft 
is used to maintain internal temperatures, radiation is the only way for excess heat 
generated in the spacecraft to be shed to the outside environment.18  The craft will 
absorb heat, Q, from the sun according to: 
 𝑄!" = 𝛼!𝐴!𝑆 (2.1) 
where 𝛼! is the material’s solar absorbance, 𝐴! is the surface area normal to the solar 
flux, and S is the solar flux per unit area.  A craft will radiate heat according to: 
 𝑄!"# = 𝜀𝐴!"!𝜎𝑇! (2.2) 
where 𝜀 is the material emissivity, 𝐴!"!is the total surface area, T is the temperature 





determines heat transfer characteristics due to radiation.  Every material has an 
associated emissivity value and is measured against the ideal blackbody value of 
unity.  The closer the value is to unity, the more radiation the material will emit.   
A more specific problem with thermal generation and the rationale for this 
research will be presented in Chapter 3.   
2.4 Radiation 
For spacecraft, external radiation comes from three major sources: galactic 
cosmic rays (GCR), solar particle events, and trapped radiation from the van Allen 
belts around the Earth.  The GCR consist of approximately 85% protons, 14% alpha 
particles, and 1% heavy ions, together with x-ray and gamma ray radiation.  Most 
effects are caused by particles with energies between 1E8 and 2E10 eV.  While the 
atmosphere protects terrestrial objects, the high energy of these particles makes them 
almost unstoppable and very little can be done to protect the sensitive parts of a 
satellite.  Fortunately, the low flux of the particles means that the probability of 
damage is small and the overall damaging effects are minimal due to such a small 
number of particles that strike the spacecraft.  The effects of the solar winds, solar 
flares, and coronal mass ejections are greatly shielded by the magnetosphere of the 
Earth.  See Figure 2.1 for a depiction of the interaction of the sun and the Earth’s 






Figure 2.1: Solar interaction with Earth's magnetosphere19 
While the sun’s effects can cause disturbances in the high altitude orbits, like GEO, 
most of the solar effects cause a change in the radiation belts around the Earth.  Solar 
effects influence the particles trapped in the van Allen belts and cause the radiation 
belts to change in size and shape depending on the solar flux.  For the middle 
altitudes, the van Allen belts are the most influential of the radiation sources.  The 
van Allen belts contain electrons (up to 10 MeV) and protons (up to 100 MeV) 
trapped by the magnetic field of the Earth.  See Figure 2.2 for NASA’s latest diagram.  
The particle flux can vary depending on the conditions of the sun and the Earth’s 
magnetosphere.  These trapped particles pose a problem to the electronics and power 






Figure 2.2: Depiction of the inner and outer van Allen radiation belts20 
There are two major forms of radiation damage for spacecraft: displacement 
damage and ionization.  Displacement damage is the introduction of a high-energy 
particle that displaces atoms from lattice sites, thereby creating point defects in the 
irradiated material.  Ionizing radiation is radiation with sufficient energy to remove 
electrons from the orbits of atoms resulting in charged particles.  One of the 
ionization effects is the activation of color centers: a consequence of the changes in 
the valence electrons and their effects on absorption and transmission.  As an electron 
is stripped from an atom, thus ionizing it, the ion enters a meta-stable excited state.  
These created, discrete states are capable of absorbing a different wavelength, thus 
changing the optical properties of the material.  For clear glass, the change is from 
being non-interactive to being absorptive.21  Color center formation can be reversed 
through annealing by heating the material.  Heating will weaken the inter-atomic 
bonds, allowing the formation of new, lower energy bonds.  Thus, the material reverts 





In this study, gamma irradiation is used to determine total dose radiation 
effects and characterize how the luminescent materials would survive the radiation 
environment over the life span of the spacecraft.  Gamma ray interaction with matter 
creates ionizing effects based on the energy of the incoming photon.  These are 
broken into three major events: photoelectric effect, Compton effect, and pair 
production.  
In the photoelectric effect, an atom electron absorbs a gamma ray photon, 
thereby freeing the electron of its bond.  By losing energy through ionization and 
radiation, the free electron is brought to rest.  This effect is very dependent on the 
atomic number of the material and the gamma photon energy.  To a first 





where ℎ𝜈 is the gamma ray energy and Z is the atomic number.  The exponents for Z 
and gamma ray energy vary depending on the energy of the photon.  For low energy 
photons, the photoelectric effect dominates, and Equation 2.3 represents the low 
energy behavior.23   
The Compton effect (also called Compton scattering) is the result of a high-
energy photon colliding with a target, which releases loosely bound electrons from 
the outer shell of the atom or molecule.   The cross section for Compton scattering is 
















where 𝑟! = 𝑒! 𝑚!𝑐!   = 2.8  ×  10!!"  cm is the classical electron radius, 𝑣! = 𝐸! ℎ is 
the initial frequency, 𝑣′ = 𝐸′ ℎ is the scattered frequency, and 𝑑Ω is the solid angle 
element into which the photon scatters. 
 Pair production is when a gamma photon creates an electron-positron pair 
near the nucleus of an atom.  The energy of each particle is essentially one-half of the 
difference between the initial photon energy and the resting energy of the pair (1.02 
MeV).  Thus, pair production requires higher photon energies, greater than 1.02 MeV.  
The electron and positron annihilate each other, releasing two photons.  These 
photons scatter until finally absorbed by the photoelectric effect.23 





𝑑𝐸!  (2.5) 
where 𝜎! = 5.8  ×  10!!"   𝑐𝑚! 𝑛𝑢𝑐𝑙𝑒𝑢𝑠, and P is a dimensionless quantity which 
varies from: 
 0 ℎ𝑣   ≤ 2𝑚!𝑐!  to ∼ 20 ℎ𝑣   =   ∞ . 
 All three processes affect the behavior of gamma photons in matter.  The cross 






Figure 2.3: Combined cross sectional behavior28 
The energy regions of dominance are based on the photon energy, and the Z of the 
atom.  The boundaries spread apart for lower Z.  See Figure 2.4 as a comparison of 
energy regions in carbon, aluminum, iron, and lead.23   
 
Figure 2.4: Mass attenuation coefficients for photons29 
Typically, the photoelectric effect occurs with photons having energies from a few 





rest energy of 511 keV, Compton scattering may occur.  Pair production may take 
place at energies over 1.02 MeV.26  
 The three processes control a gamma ray photon life expectancy.  Assuming 
the photon starts at the higher end of energy and takes part in a pair production event, 
it will re-emit lower energy photons as the electron and positron annihilate each other.  
Through energy loss via Compton scattering, the photon will continue to lose energy 
until it is finally captured by the photoelectric effect.    
2.5 Optical Properties 
A small number of general phenomena describe the optical properties of solid-
state materials.  The simplest groups are reflection, propagation, and transmission. 
Propagation is further separated into refraction, absorption, luminescence, and 
scattering.  Refraction is essentially a change in light wave direction due to a velocity 
change at a medium interface.  The light intensity does not usually change as a 
function of refraction.  Absorption occurs if the frequency of the light is resonant with 
the transition frequencies of the atoms.  Thus, the light energy is transformed to 
internal energy in the absorbing material.  Absorption causes attenuation of the 
incoming light as it progresses through the material.  Luminescence, along with 
similar optical properties, is defined in the next section.  The luminescent light is 
emitted in all directions and usually has a different frequency than the incoming light.  
Scattering is when the light changes direction and possibly its frequency, due to 
interaction with the material.  Scattering has a similar attenuation effect as absorption.  






Figure 2.5: Light propagation in materials27 
The optical properties can be quantified using a number of coefficients.  One 
set is defined in terms of reflectance (R), transmittance (T), and absorptance (A), as 
depicted in Figure 2.6.  
 
Figure 2.6: Example showing the properties of reflectance, transmittance, and absorbance.28 
Assuming negligible reflectance, the transmittance is just: 
 𝑇 = !
!!
  (2.6) 
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where 𝐼! and I are the intensity of the incident light and transmitted light.   
The intensity of the light changes as the light moves through the medium and 
depends on the material’s absorption characteristics as quantified by its absorption 
coefficient (𝛼).   
 𝑑𝐼 = −  𝛼𝑑𝑙  ×  𝐼 𝑙  (2.7) 
Integrating the above, 
 𝐼 𝑙 = 𝐼!𝑒!!" (2.8) 
The result is the Beer-Lambert law, showing the exponential relationship between the 
intensity (or transmission) of the light through a substance, the material’s absorption 
coefficient, and the distance the light travels (l). The absorption coefficient is strongly 
dependent on the light frequency, so a material may absorb one color but not another.   
The absorptance relationship for non-gaseous materials is related to the 
absorption coefficient as28: 





= 0.434𝛼𝑙 (2.9) 
After the application of conservation of energy, the summation of the 
reflectance, transmittance, and absorptance of the incident flux must equal unity:29   
 𝑅 + 𝑇 + 𝐴 = 1 (2.10) 
In most measurements, R is negligible due to the relative measurement technique that 
negates the reflectance.  Along with the Beers-Lambert Law, this equation develops 






2.6.1 Defining the luminescence terms 
 Luminescence is the general term given to the process of spontaneous 
emission of light by excited atoms in a solid-state material.  Energy is normally 
absorbed, causing an excited state to exist.  As the atom relaxes to a ground state, 
light is emitted.  See Figure 2.7 below showing the electron energy states. 
 
Figure 2.7: Electron energy states in an atom showing the luminescent process. 
Photoluminescence describes the phenomenon of light emission from any form of 
matter after the absorption of photons. 
Luminophore is an atom or atomic grouping in a chemical compound that manifests 
luminescence. There exist both organic and inorganic luminophores. 
Fluorescence is the emission of radiation, especially of visible light, by a substance 









Phosphorescence is the emission of light by a substance as a result of having 
absorbed energy from a form of electromagnetic radiation, such as visible light or x-
rays.  Unlike fluorescence, phosphorescence continues for a short while after the 
source of radiation is removed.  
Emit is to give off radiation or particles. 
Emission is the act of emitting. 
Emittance is the total flux emitted per unit area.  
Scintillation is a flash of light produced by certain materials when they absorb 
ionizing radiation. 
2.6.2 Luminescent Solar Concentrator (LSC) 
 A typical LSC is shown in Figure 2.8, consisting of luminophores embedded 
in a transparent plate.   
 
Figure 2.8: Typical LSC example incorporating luminophores in bulk material showing absorption, 
emission, and wave guiding of light to the solar cell.    
The luminophores absorb incoming light and re-emit light that is then trapped within 
the plate by total internal reflection (TIR) due to the differences in the refractive 















indices between the plate and its surroundings.  The re-emitted light is guided to the 
edges of the plate where solar cells convert the light to electrical energy.  Current 
designs for luminescent solar concentrators may be composed of multiple thin, flat 
layers of alternating luminescent and transparent materials, placed in order to gather 
incoming light on their broad flat surfaces and emit concentrated luminescent light 
around their edges for solar cell utilization.30  Other designs have been proposed, 
including cylindrical materials with a Fresnel lens for more concentration.  See Figure 
2.9. 
 
Figure 2.9: Cylinder luminescent bar experiment31 
 Based on the TIR, the capture and guidance of emitted light to the edges are 
the main principles that make an LSC possible.  
2.6.3 LSC Principles 
2.6.3.1 Light Capture 






where 𝜃 is the angle with the normal for the incident and transmitted rays and 𝑛 is the 
refractive index for the materials when light refracts as it encounters differences in 





	    
Figure 2.10: Snell's Law showing the refraction of light at an interface of different materials 
This refraction leads to a capturing of the light if the angle is sufficient to 
reflect the light back toward the origin.   This angle is called the critical angle (𝜃!), 
when the transmission angle 𝜃! = 90∘ and thus sin𝜃! = 1. From Snell’s law, the 
critical angle is: 




At precisely the critical angle, the refracted light is tangential to the boundary.  See 
Figure 2.11 for the different refraction cases as an interface example. 
 
Figure 2.11: Three different refractive cases based on angle of incident 
As can be seen from Figure 2.11, anything at or greater than the critical angle will 
















reflects toward the edges of the material, functioning as a waveguide for the 
luminescent emission of the LSC.   
2.6.3.2 Wave guiding 
As shown in the above section, light incident at or above the critical angle will 
be directed through total internal reflection to the edge of the material.  For a piece of 
polymer with an index of refraction of 1.5 and vacuum with an index of refraction of 
1, the critical angle is computed to be 41. 8∘.  The intensity of this reflection as light 
moves from one medium to another, with differing indices of refraction, is described 
by the Fresnel equations.  The intensity of reflection is dependent upon the 
polarization of the light, whether perpendicular or parallel.  The reflectance for 












where, as before, 𝜃 is the incident and transmitted angle to the normal, and n is the 
index of refraction for the different materials.32 Figure 2.12 shows this relationship of 






Figure 2.12: Fresnel equation relationship showing range of TIR for a higher index of refraction to lower 
index of refraction.37   
With the critical angle and the effects of TIR, an escape cone for light not 
captured and guided to the edges can be determined by integrating in spherical 
coordinates from the luminophore to the top and bottom of the plate.   
 𝑒𝑠𝑐𝑎𝑝𝑒  𝑐𝑜𝑛𝑒 = 𝑑𝜑!!! sin𝜃  𝑑𝜃
!!
!  (2.15) 
where 𝜃 is the angle from the normal and 𝜑 is the azimuthal angle.  See Figure 2.13 
as an illustration of the escape cones.  
 








Goldschmidt et al. were able to determine the fraction of lost emitted light due to the 
escape cone.33  See Figure 2.14 for an example of their escape cone losses.  
 
Figure 2.14: Fraction of emitted light lost due to the escape cone.38 
The theoretical value for escape cone losses under ideal conditions is 26% loss.  
Among other factors, the escape cone losses are a major contributor to the efficiency 
losses for the entire LSC system.   
2.6.3.3 Efficiency 
The efficiency losses of the LSC system are well documented.  Figure 2.15 
illustrates the major deficiencies that cause inefficiencies in LSCs, which are 






Figure 2.15: Loss mechanisms in an LSC34,35  
1.  Incoming light not absorbed by luminophore 
2. Luminescent light exits via the escape cone 
3. Light is not emitted because quantum efficiency is less than one 
4. Reabsorption of luminescent light by other luminophore 
5. Absorption of light by waveguide material 
6. Surface scattering 
7. Solar cell losses 
8. Internal waveguide scattering 
9. Reflection of incident light on the surface 
10.  Limited dye stability. 
The performance of an LSC is given by the effective concentration ratio, 
which is the product of the geometrical gain and the optical conversion efficiency of 






 𝐺 = !!"#  !"#$%
!!"#  !"#!
 (2.16) 
The optical conversion efficiency 𝜂!"#$%&' is the ratio of light delivered on the edges 





where P is the power delivered accordingly.  Based on the LSC loss mechanism 
described in Figure 2.15,the optical (conversion) efficiency of the plate can be written 
as:36 
 𝜂!"#$%&' = (1− 𝑅)𝜂!"#𝜂!𝜂!𝜂!𝜂!"𝜂!"#$ (2.18) 
where R is the Fresnel reflection, 𝜂!"# is the ratio of photons absorbed by the plate to 
photons incident on the plate, 𝜂! is the ratio of photons emitted to the photons 
absorbed, 𝜂! is the Stokes efficiency, which is the ratio of the average energy of 
emitted photons to the average energy of the absorbed photons as given by 
𝜂! = 𝑣!"#$ 𝑣!"#$%", 𝜂! is the fraction of light trapped in the collector as given by 
𝜂! = (1− 1 𝑛!)
! !, 𝜂!" is the transport efficiency which takes into account losses 
due to material absorption and scattering, and 𝜂!"#$ is the efficiency loss due to self-
absorption.  The overall output energy of the LSC is based on the input energy, solar 
cell conversion efficiency, and optical conversion efficiency, which are given by:36 
 𝐸!"# = 𝐸!"𝜂!"#$%&'𝜂!"#$%  !"##(𝜆) (2.19) 
Finally, in order to compare the LSC efficiency to the solar cell as exposed to the 
entire solar spectrum, the ratio of power from a solar cell attached to an LSC to the 





 𝐹 = 𝜂!"#$%&' 𝐴!"#$%&! 𝐴!"#! 𝜂!"#$%  !"## 𝜆 𝜂!"#  (2.20) 
where 𝜂!"# is the efficiency of the solar cell with respect to the entire solar spectrum.  
As the equation states, the efficiency of the LSC system depends on the optical 
efficiency, the geometric gain, and the solar cell efficiency.  Improving any of these 
three areas will result in an improved system.  
2.6.4 State-of-the-Art LSC 
 One of the greatest challenges in the beginning of LSC was the photo-stability 
of organic dyes.  Since the start of research into LSC, photo-stability has improved 
significantly.  Though it is dependent on the processing and polymeric environment, 
photo-stability is still being understood.37  There is much promise in encapsulating 
organic molecules such as those found in the Organic LEDs with expected lifetimes 
of up to 30 years.38  Quantum dots and other nano structures are being investigated 
due to the long life expectancy39 and tunable absorption spectrum40, but the lower 
quantum yield of the dots presents another problem.41  New, second generation 
devices are characterized by either directional luminophores or photonic filters which 
enhance the wave guiding mechanism.42, 43 
 Other materials being researched for LSC consideration are the rare Earth 
element ions such as neodymium (𝑁𝑑!!) or ytterbium (𝑌𝑏!!).35,44,45  The rare Earth 
elements are considered for use as LSC’s due to their large Stokes shift.  The Stokes 
shift is the difference in wavelength between positions of the band maxima of the 





absorption of emitted photons by the luminescent material.  This low re-absorption is 
expected to improve the optical efficiency.   
 Mirrors and reflectors can improve the overall efficiency.  It has been shown 
that mirrors on the edges and on the back can improve the LSC efficiency.46,47,48  It is 
further shown that using a diffuse mirror on the back can recapture some of the light 
that may have reflected through the plate of the LSC.  Other demonstrations have 
used selective coatings that permit the absorption wavelengths to enter the plate of the 
LSC while the coating reflects the luminescent wavelengths.  This traps more 
emission light in the waveguide,44, 42  a improving the light trapping efficiency of the 
LSC.   
 Though not a true LSC, the idea of using luminophores to alter the incoming 
light spectrum through up or down conversion to augment a solar array has been 
demonstrated.  In order to improve the efficiency of solar cells, the spectrum more 
closely matches the photon energy and the band gap of the semiconductor material.  
Luminescent materials can convert the broad incident spectrum into a particular 
wavelength, thereby minimizing the losses in the solar cell energy conversion 
process.49  The literature has been mixed on the promise of improved efficiency from 
these methods.49  Luminescent down-conversion has been demonstrated to improve 
overall efficiency, but only for solar cells starting with very low efficiency.50,51  
While the conversion methods have shown some improvements in efficiency, more 
research must be done for the conversion methods to be implemented in solar cell 





2.7 Chapter Conclusions and rationale for testing methods 
and materials 
While the focus of previous LSC research has been to lower the cost per watt, 
in a space environment, cost is usually not the primary driver.  The space 
environment, similar to the marine environment, is much more harsh on materials and 
has limited or no reparability.  This environment causes stringent design parameters 
with higher reliability, which costs more.  With the elevated cost in mind, this 
research started with a look into alternative power generation sources for space.   
From Reisfeld’s work, the LSC offers some advantages over other solar 
concentrators and arrays.  LSC’s collect both direct and diffuse light.  There is good 
heat dissipation of non-utilized energy by the large area of the collector, thus only 
light from the luminescent emission reaches the solar cells.  Since an LSC can use 
both diffuse and direct light, solar tracking is not necessary.  The matching of the 
luminescence with the maximum conversion of the solar cells permits greater 
efficiency.  Additionally, the expensive and sensitive solar cells are reduced to the 
smaller area of the LSC edges.36 
Many of Reisfeld’s advantages can be advantages in space.  One of the most 
important inefficiencies in space is the heating of the solar arrays, whether via 
concentrators or direct solar flux.  The heat dissipation advantage of an LSC is 
therefore a great advantage in space.  This topic will be discussed in-depth in Chapter 
3, but the large, radiated area of the LSC as compared to the small size of the heat 





simulated using COMSOL Multiphysics software to determine the effects and 
advantages of the large thermally radiating plate of the LSC, and how the solar cells 
on the edges could benefit from the more benign thermal environment. 
A major consideration for luminophores to be used in space is whether these 
materials could survive the radiation exposure.  Bower’s et al. stated, “Organic 
luminophores, as a rule, exhibit high radiation resistance.”52  Luminescent materials 
can, in principle, survive in space.  Due to limited resources, only certain, available 
materials were tested for total dose radiation.  All of these materials were built in the 
lab from available supplies.  The purpose was not to demonstrate the absolute best 
material for space, but to show whether some luminophores could be used in a 
radiation environment.   
Based on the literature53,54,55,56, easy-to-build, thin-film slides were 
constructed for the radiation exposure tests.  The samples were constructed by 
dissolving the luminophores in a host material, usually Poly(methyl methacrylate) 
(PMMA), and then spin coating the mixture onto a clear substrate, usually glass or 







Figure 2.16: Experimental examples of samples with Rhodamine 6G and Large Stokes shift dye 
Rhodamine 6G was selected as the primary organic luminophore due to its ease of use 
and well documented characteristics.  Rubrene, Fluorescein, and Cytodiagnostics 
Large Stokes Shift 500 Dye were also used to explore some other fluorescent 
materials for comparison.  Various in-laboratory-made, inorganic Quantum Dots 
(QD) were used to explore this emerging area of luminescent material.   
 Again, the use of luminophores in space products is the primary focus of this 
research.  This area has not been explored due to the current lower efficiencies of the 
LSC, and the previously mentioned emphasis on performance over cost.  The 
advantage of radiation resistant luminophores coupled with possible thermal benefits 
could mean a better way to augment or perform power generation for some high 






Chapter 3  Design characteristics of an LSC in space 
3.1 Size and shape 
LSC systems are influenced by the shape and size of the LSC plate to a 
greater extent than for solar cells.  As presented in Chapter 2, the geometric gain 
determines the concentration of the LSC system and contributes to the overall 
efficiency.   
Since a circle is the shape that yields the most area while constraining the 
perimeter, a circle provides the maximum geometric gain of a luminescent plate.  The 
relationship between different shapes and their geometric gains was presented in the 
work of Bose.56 Table 3.1 is from his dissertation.   
Table 3.1: Geometric gain calculated from geometric principles for four shapes with a thickness of d.56 
 
As was computed, the circle has the greatest geometric gain for a given area, 
but due to the difficulty in constructing such an LSC system, other shapes are better 
suited.  A hexagon better approximates a circle, but, similar to the circle, the added 





manufacturing as compared to a simple square LSC plate.  For the purposes of this 
study, the square LSC plate was assumed.   
 After the shape is selected, the size of the LSC plate will greatly influence the 
efficiency of the system.  A study was done by Goldschmidt et al.57 that altered the 
area incrementally to illustrate how the changes in size affect the output electrical 
characteristics of an LSC system.  The illuminated area of an LSC with a white 
bottom reflector was stepwise changed with the use of black blinds.  See Figure 3.1 
for their sketch of the area changing LSC. 
 
Figure 3.1: Goldschmidt et al. LSC with stepwise alterable area of LSC plate to characterize the changes 
due to size57 
At each step, I-V measurements were taken on each side. The short circuit current 
was calculated with respect to the illuminated area.  Figure 3.2 shows the open circuit 






Figure 3.2: Open circuit voltage Voc and short-circuit current Isc of an LSC system dependence on 
illuminated area with 3mm thick plate57 
As seen in Figure 3.2, the Voc increases with increased area.  Short circuit 
current decreases with increasing area due to the increased chances of photon 
reabsorption in the material and escape cone losses.  These results were used as the 
basis for the sizing of the conceptual design in the current research, and it has been 
assumed that a more efficient LSC system will have similar I-V characteristics.  The 
LSC system power was computed for each area of the tested LSC system.  A power 
law curve was fit to the data for use on points outside of the original test range, as 
shown in Figure 3.3.  As can be seen, the power generated approaches zero as the 
area increases, consistent with the increased probability of reabsorption in a larger 






Figure 3.3: Computed power based on area of LSC (blue line) and extrapolated power law curve (red line) 
used for sizing analysis 
 Initially, the pvtrace ray-tracing program written by Ferrell was used to 
determine the optical efficiency (as defined in Eq. 2.18) for various sized LSC 
plates.58  The pvtrace program is a Monte-Carlo ray-tracing modeling written in 
Python for ease of use versus speed of calculation.  A large number of rays are traced 
through the LSC until the ray is lost from the system or escapes from a surface.  
Absorption and emission events are governed by material properties, Beer-Lambert 
law, and randomly generated numbers tested against calculated probabilities.  
Reflection, transmission, and absorption/reabsorption are taken into account.  From 
Figure 3.4, a thicker, smaller area LSC plate generates a more optically efficient LSC 






















Figure 3.4: Optical efficiency for various sizes and thickness of the LSC plate 
The optical concentration (C) was calculated to combine the effects of the 
optical efficiency and geometric gain. 
 𝐶 = 𝐺 ∗ 𝜂!"#$%&' (3.1) 
where G is the geometric gain and 𝜂!"#$%&' is the optical efficiency.  Several 
variations in plate thicknesses as well as size were simulated.  
 
Figure 3.5: Optical concentration and optical concentration per mass for various sized, 1mm thick LSC 
plates to include thermal effects. 
As the size of the LSC plate increases, the geometric gain increases more 









































































will increase the performance of the LSC system, but other constraints show that this 
may not be the final word.  From Figure 3.5, the mass to include a 1 cm border on 
two sides was calculated.  Then, the optical concentration per mass was plotted 
(shown as the red line) along with just the optical concentration (shown as the blue 
line).  In this case, the better LSC system is a smaller, less optically efficient LSC 
system that maximizes the optical concentration per mass.   
A comparison using the extrapolated data from Figure 3.3 determined the 
power per area and specific power for various sizes of the LSC plate.  Figure 3.6 
shows the calculated results.  As with optical concentration per mass, more specific 
power is generated for smaller and thinner LSC systems.  The conclusion from both 
analyses is that a small, thin LSC plate is the best to optimize optical concentration 
and power per area.  A thinner LSC plate greatly reduces the optical efficiency (as 
seen in Figure 3.4) and too small of an area causes a decrease in the power per area 
(as seen in Figure 3.6).  Based on these results, a 2cm x 2cm x 1mm would be the best 
LSC plate for this application.  In Section 3.3.2, thermal simulations were conducted 






Figure 3.6: Comparison of power per area (blue line) and power per area per mass (red line) for various 
LSC plate sizes at 1mm thick. 
A comparison of LSC sizes under radiation and thermal conditions was then 
computed for three single junction solar cells.  The results are presented in Section 
3.5. 
 
3.2 Improvements to LSC efficiency 
3.2.1 Selective reflection 
One major improvement of the advanced fluorescent concentrator concept is 
the use of a selective mirror to reduce the losses due to the escape cone of the total 
internal reflection.57  The application of a photonic structure on the surface permits 
the incoming shorter wavelengths to enter the LSC plate, but reflects the longer 
emitted light within the waveguide material.  An example LSC system with a 















































Figure 3.7: Photonic structure that reduce escape cone losses57 
Cholesteric liquid crystals, Bragg reflectors, and Rugate filters have been used 
as this selective mirror.59,48,35,60  Cholesteric liquid crystals create a twist of the light 
between adjacent layers, resulting in a reflection of a narrow band of light.  A Bragg 
reflector is a structure formed from multiple layers of alternating materials with a 
varying refractive index, in essence bending the longer wavelength back toward the 
waveguide.  Though similar to a Bragg reflector, a Rugate filter is an optical structure 
that has a continuous variation of refractive index perpendicular to the plate, thus 
capturing longer wavelengths within the waveguide and lowering escape cone losses.  
Simulations have suggested that an ideal selective surface mirror could improve 
luminescent emission along the LSC plate edges by 50%.35 
In practical photonic structures, the emission of the luminophores is well 
matched, but not all photons are reflected within the structure.  The first experiment 
from previous works was to compare the emission band to a possible photonic 





work of Goldschmidt et al, a properly designed photonic structure that matches the 
emission and filter is quite realistic.  
 
Figure 3.8: Photonic structure and emission matching for a BA241 luminescent dye61 
Experiments with cholesteric coatings have shown an increase in edge 
emission of ~12%.59  As depicted in Figure 3.9, a signal strength experiment showed 
a relative increase of 20% after adding a Rugate filter to the surface of the LSC plate.  
These previous works indicate one way in which an LSC system can improve its 






Figure 3.9: Averaged line scans of 2cm x 2cm x 3mm LSC using four InGaP solar cells with and without a 
surface photonic structure. 57 
 
3.2.2 Back Mirrors 
 The use of a reflective surface on the back of the LSC plate was one of 
the first experiments to improve its external quantum efficiency (EQE).  EQE is the 
ratio of the number of carriers collected by the solar cell to the number of incident 
photons of a given energy.  “The reflecting back layer effectively doubles the path 
length of the incident light through the dye layer for enhanced absorption.”57  Again, 
from work of Goldschmidt et al., improvements in an LSC’s light utilization and 
efficiency have been demonstrated by the use of reflective surfaces on the back side 
of the waveguide.  Figure 3.10 compares the effect of a white, reflective bottom to a 






Figure 3.10: Comparison of EQE for white bottom reflector and a black bottom.57 
Positioning of the reflector is also important to get the best use from the LSC.  
Goldschmidt et al. performed an experiment that varied the distance from the back 
reflector to the solar cell.  As can be seen in Figure 3.11, the distance from the back 
reflector to the solar cell significantly increases EQE.  Another improvement in EQE 
was shown to be from the back reflector reflecting light directly onto the solar cell.57 
These two experiments show a strong case for the use of a reflective back surface to 






Figure 3.11: External Quantum Efficiency measurements of an LSC with white bottom reflector at 
different distances to the solar cell.57  
 
3.3 Thermal Effects 
 As noted in the previous Chapter 2, the thermal environment creates many 
issues for spacecraft.  Thermal regulation using radiation is the only method for 
shedding unwanted energy to outer space.  In current solar cell arrays, the operating 
temperatures of the solar panels are higher than the optimal conditions.  This means 
that the solar cell operates at a lower efficiency, in effect degrading the solar cell 
function due to heating of the material.  In a solar cell, only a fraction of the incoming 
photon energy is needed to liberate an electron-hole pair.  The remaining energy is 
wasted, and mostly converted to heat energy.    
 In a simple explanation of the temperature dependence of solar cells, an 
increase in temperature causes a reduction in the band gap of the material.  The 





pair.  The result is an increase in the short circuit current, but a decrease in the open 
circuit voltage.  Figure 3.12 is the generic I-V curve changes due to increasing the 
temperature on solar cells. 
 
Figure 3.12: Effects of increasing temperature on solar cell I-V response62 
An analysis for Si solar cells was conducted to see how the temperature 
decreases associated with an LSC could affect the system.  Reviewing the “Effects of 
Temperature” on the PV education website,63 the changes in open circuit voltage 
(𝑉!"), short circuit current (𝐼!"), and fill factor (FF) due to temperature (T) increases 








≈ −2.2𝑚𝑉  / 𝐶∘    (3.2) 
for Si, where 𝑉!!! is the band gap voltage, 𝛾 is a constant that incorporates other 
thermal dependencies, k is the Stefan–Boltzmann constant, and q is the electronic 





≈ 0.0006  / 𝐶∘  (3.3) 


















≈   −0.0015/ 𝐶∘      (3.4)  
for Si for normalized Fill Factor.  The Fill Factor is the ratio of the maximum power 
from the solar cell to the product of 𝑉!"  and 𝐼!" .  Fill Factor, along with the 𝑉!"  and 


















≈ −0.004/ 𝐶∘  (3.5) 
for Si.  Thus, the net result is that max power decreases as temperature increases.  In 
other words, as temperature decreases, the solar cell maximum power and efficiency 
increases.   
 For an understanding of the temperature benefit on solar cell efficiency, a 
quick calculation of a Si solar cell was done.  A change of -50 oC results in a power 
increase of ~20%.  Assuming the incident power flux does not change, a Si solar cell 
with a 14.7% efficiency at standard temperature will improve its efficiency to over 
17% by decreasing its temperature by 50 degrees.  Increasing the efficiency of the 
solar cell will, in turn, improve the efficiency of an LSC system.  This benefit will be 
examined in more detail in Section 3.3.3. 
The solar cell temperature effects were explored extensively in the work of 
Guenette.64  He calculated the effects of temperature on solar cells, and then used 
experiments to show the real effects.  Figure 3.13 shows this relationship between 
temperature and solar cell efficiency, as drawn from his thesis.64  The theoretical and 
experimental values match to within experimental error down to 150 K, which is well 






Figure 3.13: Theoretical and experimental temperature effects on solar cell efficiency64 
Guenette also calculated the Shockley-Queisser efficiency limits at different 
temperatures based on band gap energy.64  The Shockley-Queisser limit refers to the 
maximum theoretical efficiency of a solar cell using a p-n junction.65  Figure 3.14 
illustrates the theoretical potential for different band gap energies to improve their 
performance as temperature decreases.   
 






In order to reduce the effect of higher temperatures on the solar cell 
efficiency, two methods used in an LSC can improve the solar cell efficiency --
reducing the size of the heat generating parts and reducing the ratio of heat generation 
area to thermal radiating area.  The current proposed LSC approach accomplishes 
both.  As previously stated in Section 3.2, a diffuse bottom mirror is used to improve 
the chances of a photon striking a luminophore and creating an emission of proper 
wavelength for the material.  Thus, the incident light is mainly used in the optical 
down conversion or is reflected through the material, versus being absorbed by the 
material as heat.  Also, due to the nature of the luminescent process of down 
conversion, the energy loss due to conversion is minimal.  The conclusion is that the 
LSC does not have as much wasted energy being converted into heat by the material, 
and the down-conversion processes are inherently thermally efficient. 
 In a typical solar array design, the front of the array faces the sun and the back 
side is used to radiate excess heat to space.  In essence, the heat-removing radiator 
has the same area as the heat generating solar cells in the array.  For solar panels in 
near continuous sun exposure, thermal equilibrium is in excess of 100°C.  This high 
operating temperature reduces the efficiency of the solar cells, as shown in Table 3.2, 





Table 3.2: Measured temperature coefficients for various solar cells66 
 
In an LSC, the ability to shield the solar cells from the direct sunlight 
exposure, match the solar cell spectral response to the light emitted by the LSC‘s 
luminophores, and reduce the area of the solar cell could greatly reduce the operating 
temperature for the solar cells.  A simple thermal resistive model, followed by further 
analysis using COMSOL’s Multi-physics software, was used to illustrate these 
advantages in Sections 3.3.1 and 3.3.2. 
3.3.1 Simple Thermal Resistive Model 
A simple one-dimensional (1D) resistive model was used to understand if 
such thermal improvements would be effective at improving LSC performance and 
solar cell efficiency.  See Figure 3.15 for the model representation.   
Due to conservation of heat energy, in steady-state the heat transfer in must 























where 𝜎 is the Stefan-Boltzmann constant, F is the view factor (1 in this case), 𝜀!  is 
the high emissivity from a heat shedding paint, 𝜀! is the emissivity of a highly 
reflective surface, 𝜀! is the emissivity of the quartz plate, L is the thickness of the 
aluminum plate, and k is the thermal conductivity of the aluminum plate.   
 
 
Figure 3.15: (a) Cross section of 1D thermal calculation. (b) Thermal resistive representation of 1D LSC 
An analysis was done with the results showing that there can be a great 
thermal advantage to an LSC system versus a typical solar array.  Assuming a deep 
space temperature of 4 K, the resulting surface temperature is 408 K from the 1360 
W m! incident sunlight, and the aluminum plate temperature was calculated to be 










































conductivity between the solar cell and aluminum plate, a much more efficient 
operating temperature for the solar cell is possible, improving the overall efficiency 
of the LSC system.  Due to the simplistic nature of the 1D model, simulations were 
conducted to better understand the thermal environment.   
3.3.2 Thermal Simulations 
 Based on the simple model, a more complete 2D model was built in 
COMSOL’s Multiphysics 4.4 simulation software.  The software has the capability to 
take into account the coupled thermal radiation effects between the various plates of 
the LSC, and it provides a first order analysis of orbital variations.  Simulations were 
initially conducted to thermal equilibrium.  The equilibrium test was used to emulate 
a continuous sun exposure such as would be found at GEO.  Using the time 
dependent modeling in the software and running multiple simulations using the 
output of a previous simulation as the input parameters, the results provide a thermal 
analysis based on a sample orbit.  This orbital analysis characterized the highest and 
lowest temperatures expected on an orbit similar to TACSAT4, a 4-hour orbit with an 
approximate half-hour eclipse.   
The first simulations were conducted on the simple plate with full sun exposure at 
equilibrium to see how the luminophore plate, the aluminum plate, and the thin solar 
cell plate interacted.  See Figure 3.16 and Figure 3.17 for the progression of modeling 
used.  The surface radiation application in COMSOL’s heat transfer module was used 





space (4 K), and emitted radiation in the positive normal direction.  The heat gap 
conduction was set to zero due to the vacuum environment.   
 
Figure 3.16: Thermal coupling of Aluminum and Quartz plates, with contact and without contact (not to 
scale) 
 





















By narrowing the solar cell exposure to the incident light, the temperature of 
the solar cell was markedly less than the overall temperature of the system.   This 
initial model demonstrated the changes for the solar cell but was not very accurate in 
its structure.   
To improve on the fidelity of the results, new models were built to better 
represent the physical structure as depicted in Figure 3.18(a).  
 
Figure 3.18: Progression of improvements to updated model incorporating thin film, quartz substrate, solar 
cell material, and aluminum housing,  (a) Incorporated highly emissive back surface and highly reflective 
front surfaces.  (b) Moved quartz substrate in front of host material and added connection elements to the 
LSC plate.  
This new model incorporated an aluminum structure for housing, high emissivity 




































luminophore plate, and a semi-conductive material (silicon) on the edges to represent 
solar cells.  The final model version placed the luminophores on the interior of the 
substrate, and added connecting pieces from the substrate to the aluminum frame, as 
shown in Figure 3.18(b).   
A software-defined “finer” mesh was selected to capture any small changes in 
the structure.  See Figure 3.19 for mesh and stacking representation.  
 
Figure 3.19: Simulation mesh defining solution points for simulation.  The figure shows two adjacent 
LSC’s. 
A set of LSC systems was stacked on each other to represent the mutual 
coupling between individual systems.  The stacking of two did have an appreciable 
effect, but a third did not vary the individual systems much – about 2 degrees, 
depending on the size of the LSC.  See Figure 3.20 and Figure 3.21 for the 
progression of thermal changes as stacking was increased on a 2cm x 2cm x 1mm and 





and a substantial increase in computational complexity, an LSC system stack of two 
was used as the baseline for the thermal analysis.   
 
Figure 3.20: Thermal changes caused by stacking of an LSC system for a 2cm x 2cm x 1mm LSC plate (not 
to same size scale) 
 
Figure 3.21: Thermal changes caused by stacking of an LSC system for a 5cm x 5cm x 1mm LSC plate (not 
to same size scale) 
Temperature simulations showed a shift toward a cooling effect from the 





small incident cross section demonstrate that any solar cell would operate at a much 
more favorable temperature regime, thus improving its efficiency, and therefore the 
overall efficiency of the LSC.   
 One of the first simulations was to compare different sizes of LSC’s, based on 
the assertion of Section 3.1 that size does matter.  Since this model is two-
dimensional, only the size of a double stack model, not shape, was simulated.  Each 
simulation was conducted to thermal equilibrium.  See Figure 3.22 for the results.  
 
Figure 3.22: Equilibrium Temperature simulation based on LSC size 
As may be seen, the peak system temperature approaches a maximum 
equilibrium point based on LSC size, while the low temperature continues to decrease 
with size.  Intuitively, with the same amount of incoming energy and an increasing 
amount of radiating surface, the equilibrium temperature will continue to decrease 
with increasing area.   
Based on these results and previous discussions about sizing, a 2cm x 2cm x 
1mm LSC plate should develop the most power per area, while keeping the mass near 




























plate is also represented in the following sections for a comparison in overall LSC 
performance. 
 After the preferred size to be used for analysis was determined, a series of 
simulations were conducted to determine the changes in temperature based on orbital 
heating and cooling.  A medium altitude orbital regime was selected for simulation, 
offering a more diverse temperature dynamic than a GEO spacecraft and keeping with 
the orbit of TACSAT4.  The simulations were completed iteratively using the 
previous output of the thermal cycle as the input for the next thermal cycle. The sun-
exposed simulation was run for 210 minutes, followed by a 30-minute eclipse period, 
until maximum and minimum points were established.  It took a single orbit to 
establish the high and low values for this orbit.  It was observed that the high 
temperature was reached approximately one hour after direct sun exposure.  The 
value of the LSC plate varied greatly, from 264 K to 370 K.  See Figure 3.23 and 
Figure 3.24, respectively.  Table 3.3 summarizes the temperature changes for a 2cm x 
2cm x 1mm and for a 5cm x 5cm x 1mm plate size. This temperature simulation 
shows that the solar cell in the LSC will be operating at a much more favorable 
condition than if it is exposed to direct sunlight.  As previously stated in Chapter 1, 
the operating temperature of the solar cells for most GEO satellites is around 116 oC 







Figure 3.23: Orbital temperature changes for 2x2x0.1 cm3 LSC system for (a) 210 minute full sun exposure 
(b) 30-minute eclipse. 
 
Figure 3.24: Orbital temperature changes for 5x5x0.1 cm3 LSC system for (a) 210 minute full sun exposure 
(b) 30 minute eclipse. 
 
Table 3.3: Simulated temperature changes in a two-stacked LSC system for 210 minute solar exposure 















2cmx2cmx1mm 264 340 264 303








3.3.3 Thermal Effects on Efficiency 
 As shown in the previous two subsections, the thermal characteristics are very 
different for an LSC versus a standard solar panel.  The temperature trade space is 
that the luminophores are exposed to a different temperature range while the solar 
cells operate in a colder regime. The light absorption and emission could not be 
simulated in the thermal model.  A literature search showed that most luminophores 
degrade with temperature due to the intramolecular conversion of the excitation 
energy into vibrational energy.62  This degradation in the luminescent conversion 
could mean loss of the solar cell improvements.  Figure 3.25 was an experiment 
conducted by Meseguer et al. on the changes to optical density of Rhodamine B due 
to temperature changes.68  Figure 3.25(a) is the absorption and emission loss of the 
material with increasing temperatures.  Figure 3.25(b) is the optical density 
characteristics of the material at different temperatures.  The initial losses recover 
over an extended time. The process is thought to be caused by the rise in aggregation 
of the dye molecules.68  In Meseguer et al.’s work, Rhodamine 6G was also tested.  
Meseguer et al. stated that at no time did it decrease by more than 14% up to 94 oC.  
So, the thermal characteristics of the luminescent material must be considered, but 
previous work shows that temperature tolerant material is available.  This topic is 
further addressed in Section 3.5.2.  A luminescent material with a low thermal 







Figure 3.25: Optical Density changes as temperature increases for Rhodamine B.  (a) From the original 
paper, showing the absorption and emission losses over time for Rhodamine B at 94 oC. (b) Derived from 
the original paper, showing the optical density recovery at three temperatures over time.  The initial 
heating process is caused by the rise in aggregation of the dye molecules.68 
 LSC systems have the potential to be thermally effective for another reason -- 
solar cell spectral response matching.  Even though the enhanced performance 
generated from matching the spectral response to the output of the waveguide of the 
LSC plate may be limited due to the generally broad response of many solar cells, the 
matching reduces the heat loads to the solar cell.35  This matching of LSC emission 
output and solar cell spectral response is shown in Figure 3.26.  Since the blue line 
































convert nearly all incoming spectrum into output, thus not wasting energy that would 
become unwanted heat.   
 
Figure 3.26: The EQE of one InGaP solar cell and photoluminescence spectrum of dye BA241.33 
Other luminophores can be developed that would better match the spectral 
response of various solar cells.  The effect is a more efficient LSC system with a solar 
cell operating at more conducive temperatures.   
 For the thermal effects on this luminophore, Polymers, Phosphors, and 
Voltaics for Radioisotope Microbatteries52 was consulted to ascertain the temperature 
effects on many luminophores.  Based on its many examples, luminophores have a 
temperature coefficient range from -0.05 to -1.49 %/oC for temperatures between + 30 
oC to -70 oC.  As stated in the book, there are many different reportings on the various 
temperature coefficients, but, while this range does not cover the simulated ranges, 





output corresponding to the temperature.52  A representative assumption was reached 
to consider a luminophore with a  -0.2 %/oC temperature coefficient.  With this 
assumption, the optical efficiency will degrade due to the higher temperature range.  
 The differences in the thermal properties of the luminophores and solar cells 
produce a design that is temperature independent of size, as shown as the blue line in 
Figure 3.27.  The factor of change in Figure 3.27 is multiplied by the original 
efficiency of the material in question to determine how it changes from the original 
efficiency.  The temperature used for these calculations is the temperature determined 
from the various simulations previously discussed in Section 3.3.3. 
 
Figure 3.27: Calculated temperature effects on various sizes of a 1mm thick LSC plate.  The blue line 
represents the changes to the luminophores in the LSC plate.  The purple line represents the changes to the 
solar cell.  The red line is the net result of luminophore and solar cell factors, showing that temperature 















































3.4 Radiation Degradation 
 One of the advantages of the LSC system is that the radiation sensitive solar 
cells can be better shielded from most forms of irradiation.  As discussed in Chapter 
2, the extreme high-energy particles will penetrate most materials, but their low 
fluxes make them negligible.  For lower energy radiation particles, the design of the 
LSC system naturally shields the solar cells, exposing them to only a fraction of the 
radiation environment.  The assumptions for determining the amount of radiation 
exposed are: 
1. The radiation source is omnidirectional. 
2. The aluminum case is relatively thick (mm versus mils) so it will block most 
low and medium energy particles. 
3. The only exposed part of the solar cell is covered by the LSC plate, acting as a 
shield. 
 This reduced exposure and shielding of the solar cell represents a great system level 
radiation tolerance and an improved end of life (EOL) performance for the LSC 
system.   
 While the experimental effects on the luminescent materials are presented in 
the next chapter, the efficiency changes of thermal and radiation effects are presented 





3.5 Efficiency Changes 
 In order to compare an LSC system to a solar cell system, efficiencies of the 
different systems are used.  The emphasis is on the thermal and radiation effects, 
knowing that micrometeoroid/orbital debris, atomic oxygen, and other space 
environmental effects would also alter the overall efficiency of both systems.  Using 
the simulated thermal results and well-known radiation effects, a comparison of the 
LSC system and high-end space solar cells is presented. 
3.5.1 Solar Cell Efficiency Changes 
To emphasize the high orbital radiation levels, Bailey and Raffaelle’s chart from 
Space Solar Cells and Arrays62 shows the reduction in power density at various 
altitudes for a ten year mission.  See Figure 3.28.  In the strongest radiation regions 








Figure 3.28: Solar cell power density as a function of altitude after 10 years in a 60o orbit with a cover glass 
thickness of 300 µm.62  
Using the SPENVIS website,16 GEO and MEO examples were examined for 
their radiation exposure to what would be encountered.  The SPENVIS website† uses 
the AP8/AE8 models and the SHIELDDOSE 2 program to estimate the equivalent 1 
MeV electron fluence, based on orbital parameters and the mission’s life.  Table 3.4 
summarizes this information from the available solar cells with various cover glass 
protections and calculated total ionizing doses for a sample 1-year mission life at a 
GEO and a MEO equatorial orbit.   
                                                
 
† SPENVIS is European Space Agency’s Space Environment Information System, an 
internet interface to models of the space environment and its effects. It is accessible 





Table 3.4: Equivalent radiation exposure for different shielding for a GEO and MEO circular orbits for a 1 
year mission life generated from the SPENVIS website.16 
Orbit 






Equivalent 1 MeV 
electron fluence 
(e/cm2) 
Calculated Effective Total 
Mission Dose based on Si 
conversion (Mrad(Si))   
GEO (32,000 km) Emcore ATJ1 25 4.781E13 3.82E+00 
76 3.888E13 3.11E+00 
152 3.082E13 2.47E+00 
304 2.104E13 1.68E+00 
10002 5.47E12 4.38E-01 
GaAs 25 6.083E13 4.87E+00 
76 4.777E13 3.82E+00 
152 3.768E13 3.01E+00 
304 2.589E13 2.07E+00 
10002 7.589E12 6.07E-01 
Si 25 5.966E13 4.77E+00 
76 4.810E13 3.85E+00 
152 3.807E13 3.05E+00 
304 2.628E13 2.10E+00 
10002 7.785E12 6.23E-01 
MEO (10,000 km) Emcore ATJ1 25.4 6.900E17 5.52E+04 
76 7.319E16 5.86E+03 
152 1.220E16 9.76E+02 
304 1.682E15 1.35E+02 
508 4.424E14 3.54E+01 
10002 6.744E13 5.40E+00 
GaAs 25 1.106E18 8.85E+04 
76 1.089E17 8.71E+03 
152 1.732E16 1.39E+03 
304 2.481E15 1.98E+02 
508 6.674E14 5.34E+01 
10002 8.377E13 6.70E+00 
Si 25 1.561E18 1.25E+05 
76 2.524E17 2.02E+04 
152 5.319E16 4.26E+03 
304 8.900E15 7.12E+02 
508 2.054E15 1.64E+02 
10002 7.785E12 6.23E-01 
1 Selected due to only Emcore multi junction solar available in SPENVIS 
2 Presented for use in the LSC system with 1mm of Fused Silicon acting as a shield of solar cell 
3 Though not completely equitable, the conversion from 1 MeV electron fluence to total dose is based on the 
1.25e13 e/cm3 for 1 Mrad(Si)69 
 
  From Table 3.4, the high levels of 1 MeV electron fluence cause the 





The exposed solar cells degrade from the displacement damage caused by the particle 
fluence.  The LSC luminophores are expected to degrade from the formation of color 
centers, due to the ionizing radiation.  To illustrate how a solar cell degrades, Table 
3.5 shows the change in solar cell efficiency calculated from the Emcore ATJ 
datasheet.13 The Emcore ATJ solar cell will lose over 10% of its efficiency even with 
a thick shield of 0.5 mm.   
Table 3.5: Calculated Emcore ATJ solar cell efficiencies after radiation exposure. 
1 MeV electron 
fluence (e/cm2) 
Emcore ATJ solar 
cell efficiency (%) 
Percent change 
0 27.5 0.0 
5E+13 26.7 -3.0 
1E+14 26.4 -4.0 
5E+14 24.3 -11.7 
1E+15 23.3 -15.4 
3E+15 20.6 -25.2 
 
The radiation advantage of the LSC system is the shielding effect of the aluminum 
encasement and luminescent plate protecting the solar cell.  
For this comparison a 1-year mission at a circular, equatorial orbit at 10,000 
km altitude was selected.  To have a more realistic comparison of current space 
technology, a high-efficient triple junction solar cell was selected -- Emcore’s ATJ 
solar cell.  The ATJ cell is one of the commercially available, high-efficiency solar 
cells currently used in current space missions; it is also well documented in the 
SPENVIS model.  It was selected for comparison due to its extensive testing and on-
orbit performance.  The solar cell is one of the highest performing cells with a BOL at 
standard temperature (27 oC) of 27.5%.  It is designed to withstand typical space 





characteristics, these solar cells will degrade appreciably.  The cell will drop to only 
20% efficiency at 3E15 e/cm2.  Coupled with the temperature changes, this high-end 
solar cell does not provide the promised efficiency.  See Figure 3.29 for efficiency 
changes.  The dotted line represents data that was extrapolated due to the limits of 
Emcore’s reported data by continuing with the last known temperature effect.   
 
Figure 3.29: Emcore ATJ solar cell calculated efficiency changes due to radiation and thermal effects. 
(derived from 13) 
 Even though the temperature coefficient from Emcore’s datasheet is not for 
irradiation at a non-standard temperature, the efficiency of a solar cell also decreases 
with temperature increases, as previously discussed.  With an assumed operating 
temperature of 393 K and exposure to 1E15 e/cm2, the EOL efficiency for these solar 
cells is about 18.3%.  In order to compare solar cells to LSC systems, each system is 
measured in overall system efficiencies.  A new efficiency is based on a portion of the 
BOL efficiency, as calculated from the Emcore radiation performance and 
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 𝜂!"!!"#!"# = 0.665 ∗   𝜂!"!!"#!"# (3.7) 
Obviously, the mission of the spacecraft and shielding will determine the exact 
radiation exposure.  As observed in Table 3.4, traversing the van Allen belts can 
cause crippling damage, resulting in severe EOL power degradation.  
3.5.2 LSC Efficiency Changes 
 From Chapter 2, the various efficiencies that make the over all efficiency of 
the LSC system were presented in Equation (2.18) and Equation (2.19).  Even though 
these equations provide a good description of the effects on LSC efficiency, some of 
the efficiencies are neither easy to calculate, nor directly accessible by standard 
measurement methods.61 Based on this situation, the overall optical and solar cell 
efficiencies were examined for comparison of thermal effects and radiation effects.   
 A generic, unspecified luminophore is used for analysis.  The luminescent 
material will be based on the state-of-the-art LSC materials but not all parameters will 
be characterized for a specific material.  Radiation and thermal properties affect the 
LSC system, similar to a solar cell.  As previously stated, many organic luminophores 
exhibit radiation resistance.52  A main thrust of this dissertation was to show the 
radiation tolerance of selected luminescent materials and is presented in Chapter 4.  
As will be shown, some luminescent materials did demonstrate good radiation 
resistance, while showing minimal changes to the baseline emission out to 10 Mrad of 
total dose.  While other materials did show degradation, for comparison, the LSC 





 As explained in Section 3.3.3, a luminescent material with a temperature 
coefficient of -0.2 %/oC was assumed to be representative.  This value was used for 
further analysis.  
 Assuming that the LSC system is originally baselined to the same temperature 
as the solar cell standard temperature, and that the simulated high temperatures for the 
LSC systems are 340 K and 370 K for a 2cm x 2cm x 1mm and 5cm x 5cm x 1mm 
respectively, the luminescent plate will be operating at 67 oC and 97 oC above its 
baseline efficiency.  With a temperature coefficient of -0.2 %/oC, the luminescent 
material will lose 13.4% and 19.4% efficiency respectively for each plate size.   
The new optical efficiencies are: 
 𝜂!"#$%&'!"# = 0.866 ∗   𝜂!"#$%&'!"# (for 2x2x0.1 cm
3) (3.8) 
 𝜂!"#$%&'!"# = 0.806 ∗   𝜂!"#$%!"!"# (for 5x5x0.1 cm
3) (3.9) 
While the temperature negatively affects the luminescent plate, the system still has 
solar cell thermal and radiation changes that can improve the overall efficiency.   
 As previously stated, the overall LSC system efficiency is affected by the 
solar cell efficiency.  Along with the decrease in radiation exposure, the solar cell can 
improve the overall LSC system based on Equation (2.20). 
 Three single junction solar cells for use in an LSC system were examined for 
thermal and radiation degradation.  Their baseline efficiencies and temperature 
parameters were taken from Space Solar Cells and Arrays62 for consistency.  Table 





Table 3.6: Baseline solar cell values used in LSC analysis.62  
 
The radiation exposure is based on the shielding effects of 1mm of cover glass for the 
LSC plate and was taken from Table 3.4.   
 For the Si radiation damage, the Solar Cell Radiation Handbook70 was used to 
determine the changes in power, and therefore changes in efficiency.  From the 
normalized power chart at the expected 1 MeV electron fluence of 7.785E12 e/cm2, a 
loss of 2% due to radiation damage is expected.  Thus, the EOL efficiency of the Si 
solar cell is 14.4% compared to the baseline of 14.7%.  Next, the benefit of the 
reduced operating temperature was applied.  Based on the standard solar cell 
temperature baseline of 300 K and a simulated operating temperature of 303 K and 
284 K for the two sample plate sizes, the differences in temperature are +3 and -16 
degrees from the baseline temperature.  Using the temperature coefficient, overall cell 
efficiencies of 14.2% and 15.4% are achieved.  The result is a minimal change in the 
smaller LSC system, with a marked increase of ~5% in the larger LSC system even 
after a year of exposure.  The resulting new LSC efficiency of: 
 𝜂!"!!"!"# = 0.9862 ∗   𝜂!"!!"!"# (for 2x2x0.1 cm
3) (3.10) 















 For the GaAs solar cell, GaAs Solar Cell Radiation Handbook71 was used for 
the data to determine the loss of efficiency due to radiation damage.   The handbook 
uses Spectrolabs GaAs/Ge solar cells.  From the normalized power chart at the 
expected 1 MeV electron fluence of 8.377E13 e/cm2, a loss of 7% due to radiation 
damage is expected.  Thus, the EOL efficiency of the GaAs solar cell is 16.2% from 
the baseline of 17.4%.  As with the previous solar cell, the benefit of the reduced 
operating temperature was applied.  The GaAs solar cell maintains its original 
efficiency with a small decrease to an overall efficiency of 16.84% and 17.35% for 
the 2x2x0.1 cm3 and 5x5x0.1 cm3 LSC plates.  The result is a new LSC efficiency of: 
 𝜂!"!!"#$!"# = 0.9952 ∗   𝜂!"!!"#$!"# (for 2x2x0.1 cm
3) (3.12) 
 𝜂!"!!"#$!"# = 1.0256 ∗   𝜂!"!!"#$!"# (for 5x5x0.1 cm
3) (3.13) 
 While neither above example takes into account the solar cell energy 
conversion through band gap matching, the analysis shows that the solar cells remain 
near unity relative to BOL after exposure to some of the highest radiation areas in the 
van Allen belts, offsetting radiation degradation with an improved operating 
temperature.  Based on the promise of the above analysis, another solar cell was 
investigated for its use in an LSC system. 
 The InP solar cell has been demonstrated as a radiation hard material.  Since 
the solar cell in the LSC system is still influenced by radiation, it was a logical choice 
for a more radiation tolerant system.  Using Yamaguchi’s investigation into InP 
radiation properties,72 the above analysis was performed.  From this normalized 
maximum power figure and using the highest 1mm shielded fluence value from Table 





InP solar cells.  The irradiated solar cell would operate at 19.11%.  After applying the 
temperature effects, a similar result to the Si cell is calculated, resulting in a steady 
InP solar cell efficiency.  The new efficiency is: 
 𝜂!"!!"#!"# = 0.9952 ∗   𝜂!"!!"#!"# (for 2x2x0.1 cm
3) (3.14) 
 𝜂!"!!"#!"# = 1.0254 ∗   𝜂!"!!"#!"# (for 5x5x0.1 cm
3) (3.15) 
The LSC system shows promise in combating the detrimental effects of radiation and 
thermal degradation. 
 Finally, the overall LSC system efficiency is computed.  Table 3.7 
summarizes the changes in these efficiencies.  The table was constructed by 
determining the BOL LSC system efficiency that would be required to match the 
EOL performance of the ATJ solar cell after a year of exposure. 
Table 3.7: Effects of radiation and temperature variation on a triple junction solar cell and three LSC 
systems utilizing different solar cells with 2 different sized plates. 
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2x2x0.1 21.42 0.9862 0.866 0.8540 18.29 





2x2x0.1 21.22 0.9952 0.866 0.8618 18.29 




2x2x0.1 21.22 0.9952 0.866 0.8618 18.29 
5x5x0.1 22.13 1.0254 0.806 0.8265 18.29 





 Table 3.7 demonstrates that the LSC system does not need to match the BOL 
performance of a traditional solar cell system.  While the current LSC systems are 
still far from the efficiencies needed to be competitive with current solar cell systems, 
an LSC system’s component shielding and cooler operating temperature are 
advantageous.   
3.6 Conclusion 
 The LSC system brings certain advantages to the space environment.  The 
analysis showed that the thermal degradation of the luminophores is offset by the 
improved operational conditions of the solar cell.  The structure of the LSC system 
serves as a shield for the more sensitive luminophores and solar cells.  Thus the result 
is a power generation system that does not degrade much over the mission life.  Based 
on Debijie and Verbunt’s work, a luminophore needs to have the following 
characteristics for superior efficiency: 
• Broad spectral absorption 
• High absorption efficiency over the whole absorption spectrum 
• Large Stokes shift 
• High luminescent efficiency 
• Emitted photons matched to the spectral response of the PV-cell  
• Solubility in the host matrix material35 
For the space environment, the thermal coefficient of the luminescent material 





currently luminescent materials that meet the necessary thermal requirements.  
Chapter 4 examines the radiation effects of a small sample of possible luminophores.  
The LSC system will need many improvements to be competitive, such as 
selective mirrors, plasmons, band gap matching, high Stokes shift, and optimal sizing 
and shaping.  This list is not all-inclusive, as new methods and technology are sure to 
be developed.  The current assumptions will need to be revisited for continued 
validity as the LSC systems change in order to achieve improved efficiency. 
 Finally, other space effects would need to be addressed and evaluated.  The 
small pitting caused by micrometeoroids would degrade the wave guiding properties 
of the LSC plate. This effect is similar to the textured, antireflective coatings that 
have been examined and shown not to be viable option.35  The vacuum environment 
and out-gassing may also create unforeseen problems with LSC systems.  These 
issues may, to some extent, offset the advantages presented in this chapter and would 







Chapter 4 Radiation Experiments  
4.1 Introduction 
 In order for any system to survive in space, it must survive the degradation of 
radiation exposure.  Extensive testing of the radiation effects on various solar cells 
has been previously conducted.  Further testing of solar cells was not deemed 
necessary, so the current research concentrated on the effects to luminescent 
materials.  If the luminophores withstand the radiation, then they may be suitable in 
the space environment.   
 For luminophore degradation, based on the book Polymers, Phosphors, and 
Voltaics for Radioisotope Microbatteries,52 an assumption was made that the 
emission from luminophores was of great enough wavelength that the small 
displacement damage created by high-energy particles that normally degrade 
semiconductors is not a factor in the LSC process.  This assumption is based on the 
very small nanometer scale of displacement damage, as compared to the hundreds of 
nanometer wavelengths of photon emission.  The degrading radiation effect that an 
LSC would encounter is the ionizing of luminophores and the creating of color 
centers in the waveguide.  The formation of color centers cause reabsorption, 
resulting in less emission from the waveguide material.  Based on these assumptions, 
a more cost effective, ionizing radiation source was used to determine if ionizing 






4.2 Method of testing 
4.2.1 Test sample manufacturing method 
 After reviewing the literature and considering different manufacturing 
methods, a thin film layer of luminescent material was spin coated onto a substrate.  
This manufacturing method was shown to be an equally viable method as compared 
to embedding the luminophores in the material.56  Due to its inherent radiation 
tolerance, a quartz substrate was selected.  PMMA and Polyvinylpyrrolidone (PVP) 
were selected for host materials due to their solubility.  The luminescent material was 
selected based on previous research conducted and material availability.  Rhodamine 
6G and Fluorescein are both well-documented organic luminescent dyes.  To explore 
more and expand knowledge, an additional dye normally used for medical research 
was also investigated due to its large Stokes shift property, which would reduce the 
self-absorption of an LSC.   
 Each luminescent material was dissolved in an appropriate solvent, usually 
chloroform or distilled water, along with a host material.  The substrate samples were 
cut to approximately 2cm x 2cm x 1mm from larger sheets of quartz.  Table 4.1 lists 
the luminescent, host, and solvent materials used, along with measured weights for 
the spin coating mixture.  The mixture was then spin coated onto the small quartz 
sample.  The spin coating speed settings were one minute at 1200 rpm followed by 





Table 4.1: Luminescent, host, and solvent materials used for spin coating onto quartz substrates. 
 
 After the LSC plate was coated, it was cured for approximately 20 minutes on a hot 
plate set for 55 oC to speed evaporation of any residual material.  See Figure 2.16 for 
examples of the samples. 
4.2.2 LSS baseline 
In order to compare how the absorption and emission of the new material 
changes with radiation exposure, a baseline characterization was measured.  In liquid 
form, this LSS material is used as a medical dye for the labeling of proteins.  Its large 
Stokes shift that prevents re-absorption may make it an advantageous LSC material.  
The manufacturer states that it is stable in liquid form, but it has not been used as a 
spin coating.  They did not know the stability of spin coating it onto a substrate nor its 
radiation degradation.73  Figure 4.1 shows the measured normalized absorption and 



















































measurement instruments are listed in Section 4.2.3.  Initially, the absorption 
measurement was too low to distinguish from the noise data.  After some adjustments 
in manufacturing, discernable data was detectable.  
 
Figure 4.1: Comparison of measured and manufacturer’s spectral data74 of LSS absorption and emission 
showing near coinciding shape and peaks. 
The peaks matched very well with the manufacturer data sheet, showing that the 
material can be spin coated onto a substrate.  The manufacture reported 500 nm and 
630 nm for absorption and emission peaks.  The measured peaks were 501 nm and 
645 nm respectively.  The slight shift in the emission data from the manufacturer’s 
data may be the result of the new form of the material or the method of measurement.  
As will be shown in Section 4.5.3, the stability in this form does not hold well.  
4.2.3 Radiation exposure 
A Cobalt-60 (60Co) radiation pool was used as the radiation source.  The pool 
uses pencil-sized 60Co material in the center cylinder to generate a radiation exposure 





















































current dose amount was calculated using the half-life of 5.2714 years from the 
calibration date.  Figure 4.2 shows the normalized dosimeter data versus height 
from the time of calibration.   
 
Figure 4.2: Normalized dosimeter data versus height in the radiation pool test cylinder with blacks lines 
indicating the bottom and top sample distances and corresponding exposure. 
The difference of exposure from the bottom sample to the top sample is 
less than 2.5%.  All samples were placed in the same height sequence to ensure 
uniform exposure.  The wrapped test samples, along with a two and one half 
inch spacer, were put into a stainless steel cylinder.  The cylinder was inserted 
into the center hole in the pool.  See Figure 4.3 for a drawing of the cylinder 
and placement of samples.  The spacer was inserted to ensure the samples were 



































Figure 4.3: Stainless steel vessel for sample placement in 60Co pool array (not to scale) 
For brevity of testing, the center or the hole with the most exposure was 
used.  Also, since the 60Co rods are in the center, a more uniform exposure was 
possible.  Once inserted, a timer was set and the amount of dose was based on 
the calculated rate of dose for a specified time. After exposure, the entire 
sample group was then taken for absorption and emission measurements.   
4.2.4 Absorption and emission measurement method 
 For absorption measurements, the Perkin Elmer UV/Vis/NIR 
Spectrophotometer model Lambda 1050 was used.  See Figure 4.4 for the 1050 
model.  The model had a built in test stand and the sample was inserted perpendicular 
















Figure 4.4: Perkin Elmer Spectrophotometer 105075 
at the start of each test sequence.  After referencing, measurements were taken from 
320 nm to 750 nm for each sample.  The data were stored and post-processed.  
 The emission characteristics of the samples were measured through the 
HORIBA FluoroLog® Fluorometer, shown in Figure 4.5. 
 
Figure 4.5: HORIBA FluoroLog® Fluorometer76 
The test piece was held at ~45 degree angle from the excitation beam with a split 
beam, taking a sample of the light to autocorrect for the fluctuations in the light 






Figure 4.6: Fluorometer block diagram 
Consistent measurements were measured from 500 nm to 750 nm with an excitation 
wavelength of 450 nm. This measurement method proved to be very sensitive to the 
angle and positioning of the test subject.  The first test bench used an existing piece of 
hardware and black tape to visually align the test sample.  See Figure 4.7 for this 
crude method of testing. 
 















After many experiments, it was determined that the error was extremely high due to 
the placement of the individual test samples and the angle of the test sample.  A better 
test method was needed to reduce the amount of error.   
 The first error reducing method was simply to average many test 
measurements to reduce the overall error of the measurement.  In order to determine 
the upper and lower 95% confidence limits, a standard error of the mean was 
computed from the standard deviation (𝜎): 
 𝐸𝑟𝑟𝑜𝑟 = 1.96× !
!
 (4.1) 
where n is the number of test measurements taken and 1.96 represents the 0.975 
quantile of the normal distribution.  An experiment was conducted out to 24 test 
measurements to determine the necessary number of measurements needed to reduce 
the error to an acceptable range.  The blue diamonds in Figure 4.8 show how the 
percentage of error was reduced through the use of multiple measurements for a 
Rhodamine 6G sample.  In order to show changes in the emission characteristics, an 
accuracy of ~ 10% was needed.  Sixteen separate measurements for each test point 






Figure 4.8: Percent error vs. number of measurements for both the original and new 3D printed sample 
mount.   
 After discussions with other lab partners, a more stable and reproducible test 
bench would further improve accuracy.  With the assistance of a co-worker and his 
3D printer, a holding stand was designed and printed.  See Figure 4.9 for the new test 
stand.   
 
Figure 4.9: Printed test stand for Fluorometer measurements. 
 This new stand, while improving the reproducibility and speed of testing, was 
still not accurate enough to facilitate a single measurement per test point.  In order to 

























test point using the new stand.  See the red squares in Figure 4.8.  This method 
resulted in consistently less than 5% error rates, with most test points within 2%.  
This method proved to be accurate enough for comparison of samples, as each was 
irradiated stepwise to the maximum radiation dose of 10 Mrad.   
The absorption and emission spectra were measured at the initial test point to 
verify that the method produced typical results.  See Figure 4.10.  All three samples 
showed the characteristic shape and peaks representative of the materials.  
 
Figure 4.10: Measured absorption and emission spectral data using the test technique, (a) Rhodamine 6G, 
(b) Fluorescein, and (c) Cytodiagnostics Large Stokes Shift 500 dye. 
 Finally, a plain sample of host material and substrate was measured to ensure 
that the changes in these materials did not affect the results.  The results showed less 
than 0.1% change in the absorption range of the test.  Therefore, the contributions 
from the host and substrate are neglected.  
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4.3 Statistical analysis 
 Due to the limited population sizes, careful statistical analysis is required to 
ensure the significance of the results.  To help mitigate unmodeled environmental 
effects that might change over time, a control sample was measured at each test 
condition for comparison with the test sample. 
 Once the data were corrected for environmental conditions by subtracting the 
control measurement from the test piece, a linear trend line was plotted in order to 
determine any positive or negative slope.  The R-squared correlation was then used to 
see how closely the data followed that linear trend.  The definition of the R-squared 
correlation is the probability of the response variation that is explained by a linear 
model, or more simply stated:  
 𝑅! =    !"#$%&'()  !"#$"%$&'
!"#$%  !"#$"%$&'
 (4.2) 
The value of R-squared ranges from 0 to 1, with a higher number indicating that the 
data fits the model better.  Some of the calculated R-squared terms indicate a better 
correlation.  Other data showed much lower correlation values.   
 In order to better assess the trending of the data, especially when it did not 
have a strong linear correlation, an Analysis of Variation (ANOVA) employing an F-
test was conducted.  The F-Test is from the R.A. Fischer F-distribution, where F is a 
ratio of variances.  Specifically, the F-test compares the amount of variation between 
groups with the amount of variation within groups, and the assumptions are that there 
is a normal distribution of the data, variance is similar between groups, and data 





depending on the results of the F-test.  In the current analysis, the goal is to find a 
possible correlation between the amount of radiation exposure and the 
emission/absorption characteristics of the luminophore.  The null hypothesis is then 
that there is no such correlation.  The null hypothesis (H0) is stated as: 
 H0 = all population means are equal 
The alternate hypothesis (HA) is: 
 HA = at least one of the population means is different from the others. 










where ndf is the numerator degrees of freedom = # of groups -1 and ddf is the 
denominator degrees of freedom = # of observations - # of groups.  After the F-ratio 
is calculated, it is compared to the critical F-test value, which is derived from the 
numerator (ndf) and denominator (ddf) degrees of freedom at a prescribed 
significance level.  The specific F-distribution is written as F(ndf, ddf). 
A type 1 error of 0.05 was used, implying a significance of 5%.  If the 
calculated value of F-ratio is greater than the critical value, then the null hypothesis is 
rejected with 95% confidence.  In this experiment, if the calculated F-distribution is 
greater than the critical F value, then some effect that cannot be attributed to 
measurement error is indicated.  The current assumption is that this effect is due to 
radiation exposure, which is the main variable that has been changed between groups.  






Figure 4.11: F-distribution curve illustrating F critical value and null hypothesis rejection region.  Derived 
from 77 
 While the F-test does not determine the trend of the data, it is able to show 
whether the data is changing with increasing doses.  Just to reiterate the test method, 
each test point at each dose amount had six absorption and 16 emission measurements 
taken to improve accuracy for each test and control sample.  The control samples 
were not exposed to radiation, but are documented with the associated radiation test 
point for ease of comparison.  Once the data was compiled and the initial trend of the 
data observed, an F-test was performed on the original data to verify whether the 
radiation was having a statistically significant effect on the sample.  In order to 
mitigate other environmental factors, the control measurements were subtracted from 
the test sample measurements.  Sections 4.4 and 4.5 present the results. 
4.4 Absorption characterization 
 All three materials’ absorption degraded over the course of the testing.  The F-
test was used to see if the changes were due to the radiation dosage or if the changes 
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relative to the control sample were minimal enough such that it was within the natural 
variation of the samples over time.  For ease of annotation, the first letter of the 
material designated the material used.  The preceding numbers were the test point 
representing the dose in units of Megarads (Mrads).  The following number or letter 
represented the test sample, whether control (C) or test sample 1.  As an example, 
10RC means the control sample of Rhodamine 6G at the 10 Mrad test point.  No 
number in front indicates the initial test at 0 Mrad.     
4.4.1 Rhodamine 6G absorption  
 The spectral data showed a small change in absorption following the increase 
in radiation dosage, as shown in Figure 4.12.  The area of the intensity for both the 
control and test sample showed minimal changes on the absorption characteristics 
over the test period.  See Figure 4.13.   
 The environment-corrected data (test sample – control sample) was computed 
and plotted on Figure 4.13.  Figure 4.14 is plot of just the environment-corrected data, 
showing the trend line, R-squared term, and line indicating the worst-case scenario.   
The worst-case maps the initial value to include error to the end lowest value at the 
end of the test sequence.  Thus, this blue line shows the worst-case assumed reduction 
for the material.  An F-ratio was calculated to be 60.18.  This calculated value is 
much higher than the F-critical value of 2.759.  Therefore, there is an environmental 
effect that cannot be attributed to experimental error that is changing between 
samples.  The planned environmental change is radiation, however there is no 





case scenario, there is an indication of a positive trend in the data with longer 
exposure times.  Therefore, the material’s absorption characteristic is not degrading 
due to radiation exposure. 
 
Figure 4.12: Absorption data from Rhodamine 6G at initial and 10 Mrad test point for control and test 
samples. 
 
Figure 4.13: Area of intensity measured at each test point for Rhodamine 6G with standard error bars on 





















































   
Figure 4.14: Plot of environment-corrected data for Rhodamine 6G absorption. 
4.2.2 Fluorescein absorption 
 Dissimilar to Rhodamine 6G, the Fluorescein material degraded over the test 
period, though not necessarily from radiation.  The control sample is not changing in 
a similar fashion.  This decrease implies that Fluorescein is affected by radiation or 
other factors, most probably molecular oxygen, since it has been shown to degrade 
Fluorescein.78  The issue of oxygen quenching is discussed in Section 4.5.2.  The 
spectral data is shown in Figure 4.15 with the control and test sample almost perfectly 
matching at the initial test, but both degrade over the test period.  As can be seen 
Figure 4.16 and a close up of the environment-corrected data in Figure 4.17, the 


































Figure 4.16: Area of intensity measured at each test point for Fluorescein with standard error bars on the 
control sample, mapped trend line and R-squared term. 
 As with Rhodamine 6G, an F-test was used to compare the significance of the 
divergence.  The results are similar to the Rhodamine 6G; the F-ratio is calculated to 






















































conclusion is that an external environmental effect is impacting the absorption 
characteristics, and while radiation is the assumed cause, it is possible that temporary 
degradation of the material due to atomic oxygen may be occurring.  This is discussed 
further in Section 4.5.2.   
  
Figure 4.17: Plot of environment-corrected data for Fluorescein absorption. 
 
4.4.3 Large Stokes Shift absorption 
 Due to the much lower molar absorption of the LSS material, absorption 
measurements were more difficult to obtain.  A concentration of over 3 times the 
other materials was needed to get discernable absorption measurements.  The 
absorption data is presented in Figure 4.18.  Figure 4.19 is the area of intensity.  The 
environment-corrected data is shown in Figure 4.20.  As with the previous material 
tests, the calculated F-ratio of 22.58 is greater than the critical F-value.  The high F-






























material.  The lower R-squared term shows that the data does not fit the linear model 
well, but, similar to Rhodamine 6G, the worst-case scenario is plotted from the initial 
data point to include the associated error.  The results show all subsequent test points 
after the baseline are greater than the initial value, as illustrated by the blue line.  An 
external environmental effect, presumably radiation, seems to affect that absorption 
characteristic for all test samples.  As with the Rhodamine 6G, the LSS material 
shows a positive indication from the initial baseline, outside of the associated error.  
 
Figure 4.18: Absorption data from Large Stokes Shift material at initial and 10 Mrad test point for control 































Figure 4.19: Area of intensity measured at each test point for Large Stokes Shift material with standard 
error bars on the control sample, mapped trend line and R-squared term. 
  
Figure 4.20: Plot of environment-corrected data for Large Stokes Shift absorption. 
4.4.4 Summary Table of absorption results 
  In summary, all three materials indicated that their absorption changed 
with increasing radiation dose.  Two of the materials showed a positive trend, taking 


























































which may be associated with another phenomenon visibly observed with the sample. 
Table 4.2 summarizes the analysis data, and presents the conclusions about the 
changes in absorption due to radiation exposure for the different materials tested.   
Table 4.2: Summary of T-tests with conclusions for the absorption characteristics of tested materials. 
  
4.5 Emission characterization 
Similar to the absorption analysis, the raw data is first compiled.  Due to the 
number of measurements needed to improve accuracy, the sixteen measurements 
were then averaged and compared for any trending.  In order to remove other 
environmental factors, the average of the control sample was subtracted from the test 
sample measurements.  A trend analysis was performed on the environment-corrected 












































4.5.1 Rhodamine 6G emission 
 The sixteen measurements of the Rhodamine 6G control sample are presented 
in Figure 4.21 for a more complete demonstration of the methods used to determine 
the averages, to observe trends, and to analyze using the F-test.  Figure 4.21 uses 
clear boxes at each test point for each measurement, with a black diamond showing 
the average for that data set.  When only the averages are plotted, a much cleaner 
graph represents the trending of the averages with standard error bars.  See Figure 
4.22 for this plot.  The environment-corrected data is also plotted in Figure 4.22 to 
illustrate the relationship between the overall emission values and the changes that 
occur from radiation.  The error bars on the corrected data account for the error from 
the control sample, and the error from the test sample. 
 
Figure 4.21: Sixteen emission measurements of Rhodamine 6G at each test point of the control sample with 

































Figure 4.22: Averaged area of intensity of control and test samples of Rhodamine 6G based on Figure 4.21 
data with standard error bars from the control sample.  The environment-corrected data shown at the 
bottom of the scale is derived from subtracting the control sample data from the test sample data. 
 The near zero changes of the environment-corrected data illustrates that the 
radiation changes are on the order of a few percent of the overall emission.  For 
clarity and further analysis, the environment-corrected data is plotted in Figure 4.23.  
As may be observed, the data shows an initial downward trend, and then increases for 
the last test point.  While all the averages remain within the error of the initial value, 
there is some possibility that the variation of a test point may indicate a change in the 
emission performance of the material.   For that reason an ANOVA with F-test was 
conducted to determine if null hypothesis is valid, and that the data is maintaining 

































Figure 4.23: Environment-corrected data for Rhodamine 6G from each test point with trend line and 
standard error bars. 
The critical F-value was 2.494 for all of these emission analyses, since the 
degrees of freedom do not change.  The Rhodamine 6G F-test showed favorable 
results.  The calculated F(4, 75) = 1.913, and thus the calculated F-ratio was less than 
the critical F-value.  This comparison means that the test points were nearly equal and 
not degrading as radiation increases.  
4.5.2 Fluorescein emission 
Even though sixteen measurements were taken, the analysis in Figure 4.24 
displays the average of the sixteen measurements.  Due to the small variation in the 
individual test points, the R-squared term shows that the data does not follow the 
linear model.  It is still fairly flat but the larger error for the initial and 6 Mrad test 
point measurements reduce the linear trend line accuracy.  
As with Rhodamine 6G, the environment-corrected data is plotted in Figure 
4.25.  And again, similar to the previous example, an ANOVA and F-test are needed 



























to determine if the variation is from the radiation or if the mean is maintained 
throughout the test sequence.  
 
Figure 4.24: Averaged area of intensity of control and test samples of Fluorescein with standard error bars 
from the control sample.  Calculated R-squared terms show trending.  The environment-corrected data is 
derived from subtracting the control sample data from the test sample data. 
 
Figure 4.25: Environment-corrected data for Fluorescein from each test point with trend line and standard 
error bars. 
 The ANOVA and F-test showed promising results. The calculated value is F(4, 
75) = 0.591, which is less that the critical F-value of 2.494.  Even though the R-
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the radiation did not alter the mean value of the corrected data over the 10 Mrad dose 
range.   
 As with all the tests, the samples were visually inspected at each test point.  
The Fluorescein exhibited an unusual behavior that was not seen in any other sample.  
The edges of the sample at higher radiation exposure (>3 Mrad) showed quenching of 
the luminescent material.  See Figure 4.26 for the effect on the samples.  The control 
piece does not exhibit any changes, while the test sample shows clearly where the 
edges were most exposed.  This phenomenon can be explained by fluorescence 
quenching due to atomic oxygen.79  As shown in Figure 4.27, the F1 test sample was 
in the center of the test stack.  Since fluorescence quenching is a diffusion-controlled 
mechanism, the quenching started along the edges due to the protection of the other 
test samples and packaging. Thus, the edges are more exposed to these by-products in 
the test cylinder.  The evidence of ozone was readily detected after the longest 
radiation test, illustrating the different oxygen environments between the test cylinder 
and the lab space.  Only in the test sample did the difference in oxygen environments 






Figure 4.26: Visual inspection of the Fluorescein samples at the last test point after a 4 Mrad radiation step.  
Note the bleaching effect on the edges.    
 
 
Figure 4.27: Stack of test samples used with Fluorescein sample in middle of the stack, being shielded from 
other effects. 
 This observation illustrates a flaw in the test technique.  The test sample is 
placed in the Fluorometer stand.  The excitation light is focused on the center of the 
sample, as shown in Figure 4.28.  The area to be evaluated was the center of the 
sample.  While visual inspection showed that the center material did not change after 
radiation exposure, other factors affected the sample.  These factors would reduce the 
overall efficiency of the LSC plate.  There are a couple of ways to prevent this issue.  







measurements could be taken utilizing an integrating sphere to capture the entire 
emission of the luminescent plate.  
 
Figure 4.28: Emission measurements stand showing the position of the excitation beam in the Fluorometer. 
 
4.5.3 Large Stokes Shift dye emission 
 The emission analysis process for the last sample material is very much the 
same as the previous two materials.  The results come out to be very different than the 
Rhodamine 6G and the Fluorescein.  The averaged control and test sample with 
environment-corrected data is shown in Figure 4.29.  Figure 4.30 is a close up graph 
of the corrected data.  The R-squared term is good, at >0.8 for both the control sample 
and test sample.  Since both match the linear model, the slope of the trend line shows 
a decline in performance over the test period for both samples.  The implication is 
that other degradation factors are decreasing the emission of the luminophores, not 






Figure 4.29: Averaged area of intensity of control and test samples of LSS with standard error bars from 
the control sample.  Calculated R-squared terms show trending.  The environment-corrected data is 
derived from subtracting the control sample data from the test sample data. 
 
Figure 4.30: Environment-corrected data for LSS dye from each test point with trend line and standard 
error bars. 
 As with the previous materials, the ANOVA and F-test of the environmental 
corrected data gives the true results on the radiation effects.  As the wide changes in 
mean show, the calculated F(4, 75) = 83.78, which is much greater than the critical F-
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4.5.4 Summary Table of emission results 
 Table 4.3 summarizes the analysis data and presents the conclusions about the 
changes in emission due to radiation exposure for the different materials tested.   
Table 4.3: Summary of F-tests with conclusions for the emission characteristics of tested materials. 
 
 
4.6 Chapter conclusions 
 The end results were not as promising as desired.  Only one material, 
Rhodamine 6G, emerged as being both radiation and environmentally tolerant.  The 
other two materials had problems withstanding the radiation test environment.  Table 
4.4 summarizes these conclusions.  Fluorescein showed great promise but the 


































samples were placed in the center of the 60Co rods to accelerate the testing.  This 
dosage rate is not typical of the space environment, so a lower dose rate may slow the 
changes due to the local environmental exposure. 
Table 4.4: Summary of absorption and emission of tested materials, showing analytical test results, trending 
of data, and results of suitability for use in the space environment. 
 
The promise of the Large Stokes Shift dye was to improve efficiency by 
reducing re-absorption.  Even though the dye was reported by the company to have 
good stability, the suspension of the luminescent material in a host material after spin 
coating did not maintain that stability.  More testing into the stability of this material 
would be needed to ascertain if it is viable for an LSC system.  This dissertation did 
not investigate the stability aspects of these materials.   
The emission characteristics, while physically coupled to the absorption 
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absorption remained positive or flat.  Yet, the LSS emission had a pronounced 
decrease over the test.  The important part of this testing shows that this problem is 
not one sided.  Both absorption and emission measurements are needed to explain the 
overall effect.  There is much more to be tested but that will be left for postdoctoral 






Chapter 5 A review and discussion on spectral conversion 
5.1 Introduction 
 As was acknowledged in the beginning of this dissertation, one way to 
improve the radiation tolerance of the solar cell panels is to increase the thickness of 
the shielding covering the solar panels.  Luminophores could be added to the shield to 
possibly improve solar cell efficiency as well.  A review of the use of luminophores 
to augment solar cell performance is presented.  Simulations from the ray-tracing 
program were used to determine if standard solar cells could benefit from the addition 
of a spectral-matching luminescence.  To reduce the solar cell efficiency losses due to 
thermalization, surface recombination, and transmission, two major application 
methods were reviewed -- down-conversion and up-conversion.   
As previously stated in Chapters 2 and 3, one of the major losses to solar cells 
is due to thermalization, which happens when the excess energy becomes heat after a 
high-energy photon creates an electron-hole pair.  The use of luminescent materials 
that down-convert these high-energy photons can reduce the losses due to 
thermalization.  There are two methods to down-convert: photon cascade emission 
(PCE) and photoluminescence.  The illustrations in Figure 5.1 show the band energy 
diagrams for the two processes, along with an example application to a solar cell.  As 
shown in Figure 5.1(a), photoluminescence takes place via relaxation of an excited 
electron, which results in the loss of excess energy while emitting a photon.  In Figure 





emitted for each incoming photon.  The down-conversion process shifts the high-
energy photon to better match the band gap energy.  Thus, less excess energy is 
available to generate heat in the solar cell. 
 
Figure 5.1: (a) Photoluminescence: after excitation non-radiative relaxation takes place followed by 
radiative relaxation, which leads to emission of lower energy photons.  (b) PCE: after excitation, step-wise 
relaxation takes place, which leads to emission of two (or more) lower energy photons.  (c) Down-converter 
is placed on front of the solar cell.86 
At present, the promise of improved efficiency through photoluminescence 
has been elusive.  Van Sark et al.’s work, they calculated an increase by nearly 10% 
in short-circuit current, but their simulations did not show any overall improvement.80 
Svrcek et al.’s work with silicon nanocrystals did show enhanced spectral response 
due to shorter wavelengths, gaining ~0.4% in efficiency.81   
Another loss in solar cell efficiency is through transmission when a photon 
with less energy than the band gap energy just passes through the solar cell.  Up-
conversion uses two or more low energy photons to create a photon with sufficient 
energy, such that it can be utilized by the solar cell. See Figure 5.2 for an example 
application to a solar cell and the band gap energy diagram illustrating this process.  






















Figure 5.2: (a) Up-converter uses two incoming, low energy photons to excite an electron to the highest 
energy level.  A single, high-energy photon is emitted when the electron relaxes to the ground state.  (b) 
Application of an up-converter to the rear side of a bifacial solar cell.  Electrical isolation between the cell 
and the up-converter is necessary to prevent recombination at the rear side.86  
Up-conversion research has progressed for a number of years.  The first 
response from up-converter on a GaAs solar cell was in 1995, by Gibart et al.82  
Gibart et al. demonstrated a 2.5% increase in measured efficiency with an input 
excitation of 1 W at 1.39 eV.  The first application of an up-converter on a silicon 
solar cell was in 2003, by Shalav et al.83  Shalav et al.’s later investigation showed an 
increase of 2.5% to EQE when excited by a 5.1 mW laser at 0.81 eV.84  Though using 
different materials and not related to each other, each experiment showed positive 
responses under longer wavelength excitation.   
As can be observed from the solar cell examples, both up- and down-
conversion can be used on solar cells to modify the spectrum for improvements in 
efficiency.  Another important aspect is that existing solar cells can be modified 
without changing their manufacturing processes or characteristics.  Figure 5.3 shows 
how the wavelengths of the solar spectrum could be modified by spectral conversion 















Figure 5.3: Wavelengths of spectrum conversion based on down-conversion (red) and up-conversion (green) 
for an Air Mass 0 (AM0) solar spectrum.85 
5.2 Down-conversion 
 In order to reduce the thermalization of the solar cell due to excess energy of 
short wavelength photons, two spectral methods can be used: photoluminescence or 
photon cascade emission (sometimes called quantum cutting, quantum splitting, or 
multi-photon emission).  The highest energy photons can use PCE to create a higher 
than unity quantum efficiency through absorption of high-energy photons with twice 
the band gap energy of the semiconductor material.  Photoluminescence downshifts 
the photon from a higher than band gap energy to a better spectral-matching energy, 
thus reducing the thermalization of the solar cell.    
 The two phenomena are distinguished by their quantum efficiencies.  For 
photoluminescence the QE is always less than or equal to one, whereas QE of PCE 
can exceed one assuming non-radiated losses are prevented.86  Figure 5.1 shows the 




















Double	  the	  band	  gap	  
of	  Si	  






solar cell to benefit from down-conversion, the following conditions must be met by 
the luminophores: 
• Excitation at wavelengths longer than 200 nm for AM0 spectrum 
• Excitation at wavelengths shorter than 550 nm for use by a silicon solar cell 
with band gap energy of 1.12 eV 
• Emission in a more favorable range of spectral response (500 nm – 1000 nm) 
• Low excitation intensity 
• High quantum efficiency  
• Low absorption in the emitted region and the regions that will not be shifted.86 
The shifting of the high-energy photons to lower energies reduces the probability of 
surface recombination and thermalization, leading to a higher short circuit current and 
a more efficient solar cell.86 
The interaction of the luminescent material with incident light for a down-
conversion system is shown in Figure 5.4.  As with an LSC system, the escape cone is 
a major source of loss due to the isotropic emission from the luminophore.  
Simulations to be discussed in Section 5.5 were used to determine if the red-shifting 






Figure 5.4: Diagram of solar cell augmented by a luminescent material on its surface with incident light as 
violet and emitted light as red, showing losses and photon transmission.87 
 
5.2.1 Photon Cascade Emission 
 There are many materials that can be used for PCE, but the excitation 
wavelengths for a silicon solar cell are between 125 nm and 215 nm.86  Based on 
Strumpel et al.’s analysis of ionic down converters for this range of wavelengths, a 
theoretical QE of 194% is possible, with one empirically measured at 140% with 
excitation wavelengths ~202 nm.86 These examples show the potential of a PCE 
material in front of a solar cell.  A major drawback is that most of these materials 
require higher energy photons than are typical in the solar spectrum.  As shown in 
Figure 5.3, the 200 nm wavelength is at the initial increase in the AM0 spectrum.  
Solely due to escape cone losses, a material with a refractive index of 1.5 needs an 
EQE of 115% to break even.88  While some materials have demonstrated the 
necessary EQE, the combination of QE and absorption range has not been developed.  
 









Other experiments presented in the next section are trying to demonstrate that down-
conversion can still benefit a solar cell through photoluminescence. 
5.2.2 Photoluminescence 
 While the classical efficiency limit for a silicon solar cell was estimated at 
29%, detailed-balance calculation showed that this could improve to approximately 
37% using spectrum modification.86  This efficiency increase is the promise of 
photoluminescence, however an idealized luminophore has not been realized.  The 
simulations in Section 5.5 illustrate why such efficiencies have not been achieved, 
due mainly to optical efficiency losses from absorption and the escape cone.   
5.3 Up-conversion 
 Up-conversion uses photons that are transmitted through the solar cell, so the 
luminescent material is placed on the back side of a bifacial cell.  As with all 
luminescent material applications, good optical coupling is needed to ensure efficient 
transmission of the light to the up-converter and for the emission of the up-converter 
to reach the solar cell.  As listed for the down-converter, the following conditions 
must be met for up-conversion to benefit a silicon cell: 
• Absorption range higher than 1100 nm (>1.12 eV) 
• Emission lower than 1100 nm 
• Low excitation intensity 
• High up-conversion efficiency 





Results have shown a small increase in QE for the longer wavelengths.  In the 
work of Shalav, et al.,89 an up-converting device of Er3+ (Erbium) ions on a silicon 
wafer was illuminated with a 1500 nm, 5 mW laser.  It generated an EQE of 3.4%.  
While this efficiency seems low, the conversion did not require any modification to 
the solar cell.  Thus, any improvements can directly translate into real improvements 
to the solar cell efficiency.  A major disadvantage is that up-conversion is a nonlinear 
process, thus requiring substantial increases in the incoming intensity to produce 
higher steps of up-conversion.  The intensity of up-converted light is proportional to 
the square of the incident light for a two-step up-conversion.  For a three-step process, 
it is proportional to the cube of the incident light.90 As materials improve in the above 
listed conditions, further gains can be reached.   
For the materials used in in current work, Rhodamine 6G has been previously 
shown to perform up-conversion.  Qui et al.’s work showed that Rhodamine 6G was 
excitable at 1054 nm with an emission range of 617-620 nm.  One of the necessary 
conditions was grossly violated for practical use: the material required an input power 
in the GW/cm2 versus the practical W/cm2 range.91  Such a high input intensity makes 
this material impractical for up-conversion.  The review of Strumpel et al.’s work 
showed that many materials have demonstrated the up-conversion process, but more 







5.4 Radiation tolerance 
 
Chapter 4 showed that certain luminophores are radiation tolerant.  The 
radiation tolerance of luminophores can provide advantages to solar cells that are 
unrelated to direct improvements in efficiency.  For example, Cerium luminophores 
have been added to the cover glass of GaAs space solar cells for the purpose of 
protecting the glass and encapsulation material from high-energy UV radiation. 92,93  
While these luminophores do not offer the benefits of spectral conversion, there are 
others that exhibit both radiation tolerance as well as spectral conversion -- such as 
Rhodamine 6G.  A radiation tolerant luminophore that met the spectral conversion 
requirements listed above could provide both benefits, even if the gains in efficiency 
were small.  As long as the introduction of the luminophores does not greatly impact 
complexity or cost, even small gains would offer an advantage. 
5.5 Efficiency changes based on ray-tracing simulations 
5.5.1 Ray-tracing simulations 
 As with the sizing analysis, the ray-tracing simulation developed by Ferrell58 
was modified, and then run as another tool for determining the effectiveness of 
spectral conversion.  Due to the lack of very short wavelengths in the solar spectrum, 
the process of PCE was not incorporated into the simulations.  The primary concern 
in adding a luminescent material to the cover glass of a solar cell was a change to the 





density is reduced by the absorption of the photons in the luminescent material.  The 
homogeneous luminophore material absorption characteristics were modified to 
replicate a typical range of short wavelength material.  The QE of the material was set 
at three levels to compare the effects of different materials.   
 
5.5.2 Resulting efficiency changes based on simulations 
 The results of the simulations for photoluminescent down-conversion 
illustrate a possible cause for the lack of improvement to the solar cell efficiency with 
the addition of a luminescent material down-converter.   
Table 5.1: Optical Efficiency in percent of photon emission for various luminophore Quantum Efficiencies 
for two plate thicknesses using ray-tracing simulator. 
  
As seen in the last row of Table 5.1, the overall optical efficiency from the front to 
the rear of the cover glass decreases in every case.  The chart has two areas of optical 
efficiency based on emitted photons and incident photons.  The emitted photons are 
generated from the luminescent material while the incident photons are the photons 
Emission from bottom of 
cover glass to solar cell
Ideal emission from bottom and 
sides of cover glass to solar cell
Top of cover glass (due to 
reflection and scattering)
Bottom of cover glass to 
solar cell
Percent change to incident 
light to solar cell
Net percent change to Optical 




















4.43 2.18 1.03 0.555 0.162 0.101
20.85 10.67 5.38 1.398 0.689 0.3626
6.52 6.08 6.25 7.73 7.29 7.51
64.06 60.66 59.86 89.95 89.23 88.16
-28.32 -31.72 -32.52 -2.43 -3.15 -4.22
-7.47 -21.05 -27.14 -1.032 -2.461 -3.8574
For a 6cm x 4cm x 1mm cover glass plate
Optical Efficiency from photons generated by emission  (in %)
Optical Efficiency from incident photons (in %)





from the light source.  Above the double line and on the left side of the table are the 
various surfaces that have photons escaping.  The solar cell is under the bottom plate, 
so the photons from this side can be utilized by the solar cell.  The ideal emission 
assumes only escape cone losses by incorporating all emitted photons from the sides 
and bottom surfaces.  A clear, undoped PMMA model was simulated as the baseline 
for comparison to the doped materials.  For analysis presentation, the 95% QE 1mm 
thick material was selected.  Using an AM0 spectrum, the spectral response of a 
silicon solar cell, and the emission from the bottom, the results of the downshifting 
showed that an absolute increase of 0.5% to the solar cell efficiency could be realized.  
If only escape cone losses were considered, then an absolute increase of almost 5% 
could be achieved.  But, after incorporating the overall loss of 28% of the incident 
light, the calculated value results in a drop of over 2% absolute to the solar cell 
efficiency.  A more realistic 0.1mm thick luminescent shield yields a similar loss to 
solar cell efficiency -- a net decrease of 0.7% absolute under the best circumstance.  
A thinner shield permitted more incident light to reach the solar cell, but less emitted 
light was generated.  The results were an overall decrease in efficiency.  As the 
simulations demonstrated and as stated in van Sark’s research, the promise of 
improved efficiency due to photo luminescent down-conversion has yet to be 
realized.   
5.6 Chapter Conclusions 
 Under ideal conditions, the promise of luminescent materials and spectral 





indicated some successes in spectral modifications.  Most of the promises have not 
been fulfilled, due to non-ideal materials and other loss mechanisms overtaking the 
benefits.  As these materials and methods mature, improvements can be easily 






Chapter 6 Conclusions 
6.1 Objectives of this research 
The objective of this research was to investigate the feasibility of using 
luminescent materials in space.  The main emphasis was on characterizing the 
degradation of luminescent materials due to radiation exposure.  Thermal modeling 
was used to evaluate the temperature effects on LSC system efficiency.  Based on 
these two results, a comparison between state-of-the-art solar cells and a potential 
LSC system was presented.  Finally, the works on spectral conversion were reviewed 
for specific space application.   
6.1.1 Investigation of non-traditional LSC luminescent 
material 
A substantial body of literature on the various types, quantities, and 
applications of luminescent materials exists and is ever growing.  To contribute to the 
growing data, a material from a different arena was selected for testing.  One of the 
stated problems with LSC systems is reabsorption.  This reabsorption can be 
overcome with an increase in the Stokes shift properties of the material.  Therefore, a 
Large Stokes Shift material normally reserved for biomedical purposes was selected 
to characterize its use as a thin-film on a substrate and follow-on radiation testing.  
The LSS material did not perform up to the expectations, due to its lack of 





6.1.2 Thermal simulations on an LSC system 
 One of the stated problems with directly exposed solar cells is thermalization, 
creating a less efficient solar cell due to higher operating temperatures.  The reduction 
in thermalization created a more conducive temperature operating range and 
improved the solar cell performance.  As with the radiation problem, the end result 
could be that the overall efficiency of the system does not improve because of the 
trade in thermalization from the solar cell to the thermalization of the luminescent 
material.   
 The first part of the problem was to determine the temperature changes that 
occurred over the orbit.  Simulations using COMSOL’s Multiphysics software were 
used to determine the extreme temperatures that a satellite may experience in a 
middle altitude.  These simulations set the analysis range for the LSC system.   
 The next part was to use previous works to determine how luminophores 
change with increased temperatures.  As expected, the shift of thermalization from the 
solar cell to luminescent material created similar issues.  Increased heat degraded the 
performance of the luminophores. 
 Finally, an analysis was done to compare the decreases in efficiency to see 
how the overall LSC system would be affected by these temperature changes.  The 
results were nominal changes to the overall system.  The decrease in efficiency to the 
luminescent material was offset by the improvements in efficiency due to the solar 
cell’s operations in a more suitable temperature range.  The combination of radiation 






6.1.3 Radiation effects on Luminophores   
  The use of luminophores in space in power systems has been limited due to 
their lack of efficiency.  As research progresses and new materials and systems are 
explored, the natural design of an LSC system creates a more radiation tolerant 
system.  The concern was the survivability of the actual luminophores to radiation. 
The thrust of the radiation test was not to determine all degradation effects for all 
possible luminophores, but to demonstrate the capability of luminescent materials to 
tolerate radiation.  The test results showed the ability of some luminophores to 
withstand radiation, thus surviving the space environment.   
 Rhodamine 6G, a common organic luminescent dye, showed very little 
changes to its characteristics.  By staying close to its initial values, this material 
demonstrated that it would not degrade over the lifetime of a space system in some 
very harsh regions.  The problem with using such a material is the narrow absorption 
range and small Stokes shift.   
 The Fluorescein sample was used to illustrate a second luminescent material 
and its changes due to radiation. The quenching of its edges due to oxygen showed 
that other environmental exposures might preclude its use in space.  Whether it will 
recover from quenching in a vacuum was not answered.  Obviously, in the middle 
altitudes of space, quenching may not be a factor since oxygen is not present.  Even 
though the measurements showed a good tolerance to radiation exposure, a physical 
examination showed that this material is not well suited for the radiation 





 The new material tested was the Large Stokes Shift dye.  To overcome the 
reabsorption problem experienced by other luminescent materials, the LSS dye was a 
good fit for the experiment.  It was demonstrated that it could be spin-coated onto 
substrates with strong emission. The LSS dye did not stand up well to radiation 
testing.  It was the only material to see appreciable changes in its emission 
characteristics after exposure.  These changes maybe linked to the instability of the 
dye in the tested format, but the overall changes from the environment noticeably 
degraded the luminescence of this material.  Even though this material has good 
Stokes shift qualities, further investigation is needed to see if it would make for a 
good LSC system.   
 The materials tested demonstrated that some luminescent materials do well in 
the radiation environment of space.  Thus, luminophores can work well in space 
applications for LSC systems and solar cell augmentation. 
6.1.4 Spectral conversion luminophores for use in space 
applications 
 A final area of investigation was the altering of the incoming spectrum in 
order to improve the efficiency of solar cells.  This idea was presented over thirty 
years ago and much research has been done.94  The results have been promising.  As 
materials mature and methods improve, spectral conversion will benefit solar cell 
efficiency. 
 The presentation in this dissertation was a review of the current materials and 





simulations did not show any improvement in the overall efficiency of the solar cell 
system.  The red-shifting of the incoming spectrum facilitated better use of the 
shortest wavelengths, but the loss in incident spectrum due to absorption created an 
overall loss in incoming photons for electron-hole pair generation.  The net result 
from the simulations is a loss in output power. 
6.1.5 Overall results of luminophores in space applications 
 In spectral conversion, radiation tolerance, and thermal resilience, 
luminophores show the potential for application in space.  By maintaining its power 
generating capability throughout its lifetime in a harsh radiation environment, an 
improved LSC system can be an effective technology.  Luminophores can also 
augment existing solar panel systems, by shifting unusable light to a usable 
wavelength.  The radiation tolerance of luminophores has been demonstrated, and the 
applications of these luminophores in space are just beginning to be explored. 
6.2 Further research 
6.2.1 Luminescent Concentrator improvements 
One of the assumptions throughout this research is that an LSC system will 
become more efficient with technology and material advances.  These necessary 
advances were not investigated, but more research could validate the use of a highly 
efficient LSC in space.  As proposed by Ferrell and Yoshida42, the next generation of 
LSC systems needs to markedly improve optical efficiency, in order to take 





still plaguing the system’s development prevents a large LSC with good optical 
efficiency.  Large Stokes shift materials and selective waveguides can mitigate these 
losses.  A large Stokes shift material will minimize the reabsorption losses.  The 
selective waveguide material that permits the excitation light to enter but captures 
more of the emitted light.  Research into a white bottom reflectors and photonic 
structures, used as a selective material, have shown a relative improvement in the 
LSC system of over 20%.60  Another collection improvement uses silver 
nanoparticles, improving collection efficiencies by 12%.  These changes could 
improve the current state-of-the-art LSC system to close to 10% efficiency.95  With 
further waveguide improvements, a second generation LSC should be able to achieve 
10-25% efficiency.42   
To uncover the improvements necessary for the next generation LSC system, 
new luminescent materials need to be developed that will reduce reabsorption losses, 
selective mirrors or emission orientation should be developed to reduce escape cone 
losses, and emission-solar cell matching needs to improve.   
6.2.2 Other space conditions not investigated 
 Only a few of the space environment effects were investigated.  The effects of 
vacuum, micrometeoroids, atomic oxygen, and electrostatic discharge will still need 
to be addressed for an LSC system in space.  Each presents its own problems, but 
some issues remain dependent of the operational characteristics of the satellite.   
Depending on the mission requirements, these other effects may or may not need to 





6.2.2.1 Vacuum and out-gassing 
 While luminescent materials are being used throughout many terrestrial 
applications from power generation to light bulb enhancement to biomedical research, 
the use of these materials in a vacuum may create unknown issues.  In the past, 
plastics and other materials have displayed issues, such as lenses clouding or cover 
glass degradation due to out-gassing onto sensitive lens or solar arrays.  Luminescent 
materials could present similar problems.  They may out-gas into space and degrade 
their own efficiency.  The natural stability of luminescent materials could be altered 
in a vacuum environment.  Vacuum stability and out-gassing would need further 
investigation, prior to using a luminophore system in space.   
6.2.2.2 Micrometeoroids/orbital debris 
 Micrometeoroids and orbital debris represent a hazard to all spacecraft parts.  
For traditional solar arrays, larger particles can create holes in the solar arrays, thus, 
degrading their efficiency.  Smaller particles may not directly damage the solar cells, 
but the pitting of the anti-reflective coatings and shielding degrades the cell 
efficiency.  In an LSC system, the solar cells would be better shielded from the direct 
damage of micrometeoroids, but another problem is introduced.  With an LSC’s 
reliance on total internal reflection to transport the photons to the edges of the plate, 
surface damage would degrade its ability to transport the fluorescence.  Therefore 
micrometeoroids could have a profound effect on an LSC system.  Simulations and 
experimental tests would answer the question of overall efficiency changes to an LSC 





6.2.2.3 Atomic Oxygen 
 As seen distinctly with the Fluorescein samples, some materials are sensitive 
to oxygen.  As noted in many space missions, atomic oxygen (also called molecular 
oxygen) is very detrimental to materials.  The single atom of oxygen easily attaches 
to materials and is very corrosive.  The breakdown of materials due to atomic oxygen 
is well documented at lower Earth orbits.  If a luminescent material were to be used at 
a low Earth orbit (<3000 km), then further research into this effect would be needed.   
6.2.2.4 Charging and discharging 
 An ongoing problem with power generation systems and structures in space is 
the charging and unexpected discharging of spacecraft components due to charged 
particles encountered in space.  With proper grounding, most of these problems can 
be reduced or mitigated.  With the power generation components in an LSC systems 
well protected from the environment, charging of such components should not be an 
issue, but a prudent space systems engineer will investigate such a possibility.  The 
basic structure of an LSC is an aluminum backing that would need to be properly 
grounded to the spacecraft with the proper cabling to transport the power to the 
spacecraft bus.   
6.2.3 Luminophore Stability 
 Similar to a solar cell, a luminescent material naturally degrades over time due 
to environmental exposure. As with any design, the trade of radiation tolerance may 
be overshadowed by the natural degradation of the luminophores to light, especially 





luminophores out to 20 years, while maintaining ~90% of their quantum efficiency.96  
Since it is material specific, one of the design characteristics of an LSC system for 
space will need to be the luminophore stability per the mission life of the satellite.   
6.3 Final thoughts 
6.3.1 Research methodology 
 As stated in the beginning, the luminescent solar concentrator still needs 
further enhancements before it will be able to replace traditional solar cells.  The 
assumptions presented in this research would need to be reassessed with the structure 
and materials used.  The ad hoc approach to the various methods of investigating 
luminescent materials has hampered their benefits in power generation.  In trying to 
remove some of the comparison issues, the investigation characterized the emission 
data and used previously well-known solar cell data to draw conclusions.  By 
measuring the emission spectrum via a Fluorometer, a re-creatable source was 
utilized, thus, removing the error associated with different light sources.  Also, by 
measuring only the emission, the various types of PV cells were removed from the 
measurements.  The purpose of this investigation was not to build the perfect space 
LSC system, but to determine whether a system is worthy of further consideration.   
 Some of the test materials were chosen due to availability and prior research.  
Rhodamine 6G is a well-documented organic dye that is easy to use with much 
research as a laser dye.  Fluorescein was chosen due to its similar characteristics to 





the luminescent research and to address an on-going concern with the reabsorption 
problem in LSC design.  Other materials were tried, such as lab-grown Quantum Dots 
and Rubrene dye, but the manufacturing and implementation results were very poor, 
so they were dropped from further investigation. 
6.3.2 Future vision of luminescent materials both in space and 
terrestrial applications 
 Luminescent materials have advanced greatly, since their first suggested use 
in the 1970’s.  Modern luminophores have not shown much improvement over other 
renewable sources, whether as an LSC or an augmentation to solar cells.  Industry has 
not yet determined the benefits of using luminescent materials in their manufacturing 
process.  This lack of use is due, partly, to the confusing array of variables in the 
luminescent processes and methods, from up-conversion to down-conversion.  The 
unfulfilled promise of cheaper materials and the advances in solar cell design have 
prevented the luminescent materials from reaching the mass production and 
experimentation needed to advance their implementation.  Through their passive, 
optical approach, luminescent materials can address the need for increased power 
generation in space systems, as solar cells reach their theoretical maximum. 
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